Aligned carbon nanotube carbon matrix nanocomposites by Stein, Itai Y
Synthesis and Characterization of Next-Generation
Multifunctional Material Architectures: Aligned Carbon
Nanotube Carbon Matrix Nanocomposites
by
Itai Y. Stein
B.S., Materials Science and Engineering
Carnegie Mellon University (2011)
Submitted to the Department of Mechanical Engineering
in partial fulfillment of the requirements for the degree of
Master of Science in Mechanical Engineering
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
June 2013
c©Massachusetts Institute of Technology 2013. All rights reserved.
Author . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Department of Mechanical Engineering
May 16, 2013
Certified by . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Brian L. Wardle
Associate Professor of Aeronautics and Astronautics
Thesis Supervisor
Certified by . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
A. John Hart
Associate Professor of Mechanical Engineering
Thesis Reader
Accepted by. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
David E. Hardt
Ralph E. and Eloise F. Cross Professor of Mechanical Engineering
Chairman, Department Graduate Committee
2
Synthesis and Characterization of Next-Generation
Multifunctional Material Architectures: Aligned Carbon
Nanotube Carbon Matrix Nanocomposites
by
Itai Y. Stein
Submitted to the Department of Mechanical Engineering
on May 16, 2013, in partial fulfillment of the
requirements for the degree of
Master of Science in Mechanical Engineering
Abstract
Materials comprising carbon nanotube (CNT) aligned nanowire (NW) polymer nanocom-
posites (A-PNCs) have emerged as promising architectures for next-generation multifunc-
tional applications. Enhanced operating regimes, such as operating temperatures, motivate
the study of CNT aligned NW ceramic matrix nanocomposites (A-CMNCs). Here we re-
port the synthesis of CNT A-CMNCs through the pyrolysis of CNT A-PNC precursors,
creating carbon matrix CNT A-CMNCs. The CNT A-CMNC processing parameters were
evaluated using an apparent density measurement, polymer re-infusion modeling, and CNT
quality analysis, which elucidate the limitations of the processing parameters currently used
to fabricate CNT A-CMNCs. Theoretical tools developed to help quantify and analyze the
morphology of the CNTs in the A-CMNCs, and NWs in general, show that morphological
parameters, such as NW outer diameter and inter-wire spacing, that are usually overlooked
may have significant effects on the physical properties of NW architectures. Mechanical
characterization of the CNT A-CMNCs illustrates that the presence of aligned CNTs can
lead to an enhancement of > 60% in microhardness, meaning that the fabrication of high
strength, high temperature, lightweight next-generation material architectures may be pos-
sible using the presented method. Finally, factors that influence the physical properties of
CNT A-CMNCs, such as CNT waviness and the porosity of the carbon matrix, are identi-
fied, and since their effects cannot be modeled using existing theory, future paths of study
that could enable their quantification are recommended.
Thesis Supervisor: Brian L. Wardle
Title: Associate Professor of Aeronautics and Astronautics
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infiltrations
ρ theoreticalPyC Theoretical density of the pyrolytic carbon matrix
ρw Density of the adsorbed species
Ξ Specific surface area
ΞCNT,nw Specific surface as a function of the number of walls in a multiwalled car-
bon nanotube
ΞCNT Average specific surface are of our carbon nanotubes
Ξexp,wCNT Experimentally determined specific surface area for wet carbon nanotubes
ΞexpCNT Experimentally determined specific surface area for carbon nanotubes
ξni Amount of porosity filled up by each infiltration
ΞNW,h Specific surface area of hollow nanowires
ΞwNW,h Specific surface area of wet hollow nanowires
ΞNW,s Specific surface area of solid nanowires
A4 Area of the constitutive triangle that makes up the coordination number
unit cell
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aN Lattice constant of the coordination number unit cells
D Nanowire diameter
De Effective diameter of wavy NWs
DCNT,i Inner diameter of a multiwalled carbon nanotube
DCNT,o Outer diameter of a multiwalled carbon nanotube
Dexp,wCNT,o Experimentally determined outer diameter for wet carbon nanotubes
DexpCNT,o Experimentally determined carbon nanotube outer diameter
Di Inner diameter of hollow nanowires
Do Outer diameter of hollow nanowires
Dwo Outer diameter of wet hollow nanowires
dSWCNT Diameter of singlewalled carbon nanotubes
E Elastic modulus
Fdilut Dilution factor of the phenolic resin
Ff ill Factor estimating the total amount of inter-carbon nanotube porosity filled
by the phenolic resin during infusion
Fin f Factor measuring the amount of pores filled during infusion by the diluted
phenolic resin
H(x) Unit step function
IG/ID The ratio of the integrated intensities of the G and D bands
k Thermal conductivity
L Nanowire length
La Size of the graphitic crystallites in pyrolytic carbon
Lc Thickness of the graphite-like crystallites in pyrolytic carbon
LN Coordination number lattice constant spacing
M Mass
mC Mass of a carbon atom
N Two dimensional nanowire coordination number
ni Number of phenolic infusion
nw Number of walls of a multiwalled carbon nanotube
pnw Normalized population of multiwalled carbon nanotubes
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PN Diagonal of the constitutive triangles that make up the coordination number
unit cells
pvac Normalized population of vacancies in pyrolytic carbon
rvdW Van der Waals radius
SLB The lower bound of the inter-wire spacing for real nanowire arrays
SN Coordination number unit cell inter-wire spacing
V Volume
V7 Volume of a benzene ring
Vf ,cryst Volume fraction of the graphite-like crystallites in pyrolytic carbon
Vf Nanowire volume fraction
Vmaxf Theoretical maximum nanowire volume fraction
VUBf The upper bound of the the volume fraction for real nanowire arrays
V e f fgraphene,n Effective volume of graphene in a multiwalled carbon nanotube
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Chapter 1
Introduction
Current generation advanced materials face a number of key challenges, and the incorpo-
ration of Nanowires (NWs) with controlled alignment in the matrix of composites could
potentially facilitate the design and manufacture of useful new material solutions. Some
of the key capabilities that are desired in next-generation materials architectures are out-
lined below. Many high value applications require multifunctional material structures that
are both lightweight and incorporate power system elements, such as super capacitors for
energy storage. Also, high value space applications, such colonization and manned space-
flight for extended periods of time, require the development of better shielding materials,
which would mitigate the greatest environmental risk to humans in space, radiation. These
new advanced materials could be used to shield both astronauts and electronics from a wide
variety of radiation species, such as electromagnetic (EMR), galactic cosmic (GCR), and
solar cosmic radiation (SCR). Another important problem faced by aerospace structures is
thermal management and protection, which requires lightweight and flexible materials with
highly anisotropic thermal properties. These anisotropic materials, which are scalable to
large structures, could act as thermal insulators in one direction, and thermal conductors in
another direction, thereby mitigating thermal hot spots and problems with thermal crack-
ing. Many transportation applications also require their materials to have properties that are
highly tailorable, while remaining multifunctional, lightweight, and providing improved
damage tolerance. Finally, materials that are specifically designed to operate in extreme
environments, which include heat, radiation, highly oxidizing environments, and both high
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and low pressures, are fundamental to many current industries, such as aerospace and nu-
clear power, and future industries, such as space mining and exploration. In summary,
next-generation advanced materials will need to possess a high degree of multifunctional-
ity and tailorability, while being lightweight and highly resistant to their extreme operating
environments. While materials that simultaneously fulfill all of these requirements do not
currently exist, aligned NW based architectures could be engineered to exhibit all of these
properties. In the remainder of this Chapter, the use of NW architectures to create the next-
generation of advanced composites is discussed, and the outline of the work pursued in this
thesis are presented.
1.1 Overview: Nanowire Architectures as Candidates for
Next-Generation Multifunctional Material Solutions
This thesis is motivated by the exceptional electrical [1–4], thermal [5,6], and mechanical
properties [7–9] of NWs, which are high aspect ratio nanostructures with diameters on the
order of 1− 100 nanometers, with a focus on one very high interest type of NW, known
as the Carbon Nanotube (CNTs). Due to their high elastic modulus (E) of 1 TPa [10–12]
(about twice that of SiC and five times that of steel), high theoretical intrinsic thermal con-
ductivity (k) of over 1000W/mK [13,14] (more than 2 times higher than that of copper), and
potential for superconductivity through ballistic electronic transport [14–18], CNTs could en-
able the design and fabrication of next-generation multifunctional, lightweight, structures
with highly anisotropic properties. The use of CNTs in next-generation material architec-
ture could result in the formation of highly multifunctional and anisotropic, lightweight,
extreme environment advanced materials. These architectures could potentially be used
simultaneously for heat dissipation and shielding, radiation shielding, and energy harvest-
ing, thereby integrating several functions beyond structural components. By controlling the
alignment of carbon nanotubes in the matrix of a composite, the fabrication of a material
with physical properties that can be precisely and independently tuned becomes possible.
We called this controlled-morphology macroscopic material an aligned-CNT nanocompos-
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Figure 1.1: Illustration of the structure of a CNT A-CMNC demonstrating the anisotropy
of the elastic modulus, E, and thermal conductivity, k.
ite. Most aligned-CNT nanocomposites have a polymeric matrix, and are known as CNT
aligned NW polymer matrix nanocomposites (A-PNCs). However, CNT A-PNCs are lim-
ited by their relatively low operating temperatures, due to thermal degradation of the matrix,
and low k, due to phonon scattering in the interfaces between the matrix and the highly con-
ducting carbon nanotubes [19,20]. To overcome these possible limitations of CNT A-PNCs
in high temperature high hardness applications, this thesis explores the substitution of the
polymer matrix with a pyrolytic carbon (PyC) ceramic matrix, which forms a nanocompos-
ite we call a CNT aligned NW ceramic matrix nanocomposite (A-CMNC). See Figure 1.1
for an illustration of the CNT A-CMNC architecture. CNT A-CMNCs formed by coating
aligned CNTs with graphene could potentially exhibit thermal conductivities in excess of
800 WmK along the CNT primary axis
[21] (over twice that of copper) and less than 1 WmK
perpendicular to the CNT primary axis [20](similar to that of glass), while remaining highly
flexible [22], highly electrically conductive, and retaining their high operating temperature
(> 1000◦C) [23,24], and low density (< 2 g/cm3). The A-CMNC structure therefore has the
potential to fulfill all the requirements previously outlined for next-generation materials.
The added advantage of this structure is that it may also comprise layers in a laminated
composite.
By taking advantage of the high anisotropy of the A-CMNC structure, different NW
orientations could be used to precisely tailor the overall composite properties. For exam-
ple, a laminate of CNT A-CMNCs of different orientations could be used to scatter all
incoming EMR, thereby acting as an EMR shield, even though each layer may not be an
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Side View
Figure 1.2: Illustration of a notional laminated CNT A-CMNC composite composed of 0◦
and 90◦ A-CMNC orientations.
effective EMR shield on its own. See Figure 1.2 for an illustration of a simple [0/90]S
CNT A-CMNC laminate. Also, another added benefit of a laminated A-CMNC structure is
that specialized layers could be added to increase the functionality of the architecture. One
such layer could be composed of lead sulfide (PbS) NWs, which exhibit infrared (IR)light-
harvesting capabilities [25,26]. See Chapter 2 for a more in-depth discussion of NW ar-
chitectures and their properties. Using a combination of specialized A-CMNC layers in
a laminated composite, highly multifunctional material architectures could potentially be
synthesized.
In this thesis, CNT A-CMNCs are synthesized via the pyrolysis of CNT A-PNC pre-
cursors. The CNT A-PNC precursors are formed by vacuum assisted infusion of vertically
aligned multiwalled CNT (MWCNT) arrays (also known as forests), grown using thermal
chemical vapor deposition [20,27–30], with a commercially available phenolic resin. This
fabrication method was previously demonstrated to preserve CNT alignment [27]. Using
a phenolic resin to synthesize the CNT A-PNC precursors has two advantages: the com-
posites that form are analogous to the epoxy based CNT A-PNCs previously studied in
detail [20,27–29,31,32]; the pyrolysis of a phenolic resin composite is a standard process for
making high temperature carbon/carbon components [33]. The CNT A-CMNC processing
will be discussed in detail in Chapter 4. Previous studies on the average morphology of the
CNT forests, prior to phenolic infusion, indicate that the average inter-CNT spacing in the
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forests range from 80 nm (for as-grown 1 volume (vol.) % CNT forests) to 10 nm (for den-
sified 20 vol. % CNT forests) [34], meaning that a variety of matrix materials can be used
to infuse and either completely fill, or simply conformally coat, the CNTs. See Chapter 5
for a full discussion of the CNT forest and A-CMNC morphology. Previous work done on
polymer chemical vapor deposition (CVD) has demonstrated that conductive polymers can
be conformally deposited on CNTs [28], meaning that hierarchical A-CMNCs structures,
where the NWs are conformally coated with different matrix materials can be formed. This
technique could be used to increase the operating temperatures of CNT based A-CMNCs
by depositing conformal coatings onto CNTs that would effectively shield them from the
oxidation reactions that damage their walls at very high temperatures (See Chapter 5 for a
discussion of CNT damage). Since CNT A-CMNCs could pave the road to next-generation
material architectures with exceptional properties, this thesis focuses on studying and opti-
mizing the A-CMNC fabrication methods, and characterizing and accurately modeling the
morphology and mechanical behavior of the produced CNT A-CMNCs.
1.2 Thesis Outline
In this thesis, the processing parameters of CNT A-CMNCs and their effect on the CNT
A-CMNC morphology and mechanical properties are explored. These findings are used
to evaluate the performance of the synthesized CNT A-CMNCs, and to recommend future
paths of study that would enable the synthesis of CNT A-CMNCs with the best possible
physical properties.
In Chapter 2, an overview of previously synthesized advanced NW composites and their
observed properties and shortcomings is presented, followed by a discussion of aligned
NW architectures as a promising approach towards addressing these shortcomings. Next,
the difficulties associated with ceramic matrix nanocomposites are discussed, and potential
methods for their mitigation are presented.
In Chapter 3, the objectives of this thesis are articulated and the general approach
employed for understanding and engineering CNT A-CMNCs and their properties is de-
scribed.
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In Chapter 4, fabrication of CNT A-CMNCs via the wet infusion of CNT forests rang-
ing from 1 to 20 vol. % CNTs with a phenolic resin and their subsequent pyrolyzation is
presented. Also, phenolic re-infusion and re-pyrolyzation are introduced as a viable method
for producing CNT A-CMNCs with minimal porosity, and a model that enables the pre-
diction of the final porosity of the CNT A-CMNC upon re-infusion and re-pyrolyzation is
introduced. These findings are used to evaluate the A-CMNC processing conditions, and to
recommend work that could enable the fabrication of CNT A-CMNCs with less porosity.
In Chapter 5, the morphology of the produced CNT A-CMNCs is characterized and
modeled analytically. Models quantifying the specific surface area (SSA ) and the average
two dimensional coordination of the CNTs in the A-CMNCs are presented for the first time.
Also, the effect of the A-CMNC processing conditions on the quality of the underlying
CNTs is quantified. These findings are used to quantitatively describe the morphology of
the CNT A-CMNCs, and recommend future areas of study that would enable even better
quantification of their morphology.
In Chapter 6, the mechanical behavior of the produced CNT A-CMNCs is studied via
indentation. The resulting microhardness value, in conjunction with the observed CNT A-
CMNC density, is then used to compare the CNT A-CMNCs to a variety of other reference
materials. The from this Chapter findings are used to quantitatively describe the mechan-
ical behavior of the CNT A-CMNCs, and recommend paths of study that would enable
the modeling of the CNT A-CMNC mechanical behavior, thereby enabling better material
property predictions.
In Chapter 7, the important discoveries of this thesis are summarized and perspectives
on these discoveries are provided. Next, recommendations for future studies in the areas of
CNT A-CMNC synthesis and processing, morphology characterization and modeling, and
material property testing and prediction are made.
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Chapter 2
Background
Advanced NW composite have tremendous potential for many structural applications, es-
pecially where low density and high multifunctionality are a necessity. However, the
widespread adoption of advanced nanowire architectures is strongly hindered by the perfor-
mance limitations of current generation nanocomposites. These limitations include inade-
quate hardness and elastic modulus, and underwhelming thermal and electrical properties.
To design next-generation material architectures that access their full potential, the mor-
phological origins of these problems first need to be understood. The next Section contains
an overview of current generation advanced NW composites with a focus on the attainable
material properties and the observed limitations of the current state of the art. In the re-
mainder of this Chapter aligned NW architectures that could overcome the limitations of
the current state of the art are introduced, and the challenges specifically faced by CNT
A-CMNCs are discussed.
The purpose of this Chapter is to provide the general background necessary for under-
standing the overall motivation for the work performed in this thesis. To make sure that
the presented work can be understood fully, subsequent Chapters will provide additional
background information when necessary.
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2.1 Overview of Unaligned NW Composites
While there are many different types of NW composites, this section will focus on the
most commonly studied and reported type, which are composed of unaligned, percolated
networks of NWs. In this Section, the properties of a selection of previously produced
NW composites, which depend heavily on the intrinsic properties of the underlying NWs,
are explored, and their performance is evaluated. The NWs discussed in this section are
subdivided into three major groups: metallic NWs, non-metallic NWs, and carbon based
NWs.
Many groups are currently interested in nanocomposites based on unaligned metallic
NW architectures, which can be further subdivided according to the magnetic properties of
the NWs. Since their mechanical properties can be precisely tailored using a magnetic field,
magnetic NWs, commonly composed of nickel (Ni) or niobium (Nb), are very interesting
for sensors and actuators in microelectromechanical systems (MEMS) [35], and superelas-
tic architectures [36]. Also, since ferromagnetic NWs are very efficient at absorbing mi-
crowave radiation in the 8.2−12.4 GHz (X-band) [37,38], they are particularly attractive for
lightweight microwave radiation (MWR), and EMR shielding materials. While unaligned
magnetic NW composites are great EMR absorbers, further tailoring of their morphology
could lead to the formation of negative permeability and permittivity metamaterials, greatly
enhancing their dissipation of EMR [38]. While magnetic NWs and their architectures have
great potential, non-magnetic metallic NWs, and their electrical properties, garner the ma-
jority of the attention in the field of metallic NW composites. Similar to the magnetic NWs,
most of the reported non-magnetic metallic NW composites were composed of few types
of metals, most commonly silver (Ag) [39–52] NWs, although there were several studies ex-
ploring the properties of metallic NW composites composed of copper (Cu) [52–54] NWs.
Most of the reported studies of Ag NWs concentrated on their electrical, optical, and me-
chanical properties, which allow the fabrication of highly conductive, flexible, and optically
transparent advanced composites [40–46,49–51]. These composites could replace indium tin
oxide (ITO) as the premier transparent conducting material, and be utilized in applications
that range from touch screens [41–44,49], light emitting diodes (LEDs) [39,40,45,46,51], EMR
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Figure 2.1: Plot of the volume resistivity as a function of the volume fraction of unaligned
nanowires (NWs), illustrating the percolation threshold for nanocomposites based on both
silver (Ag) and copper (Cu) NWs, as presented by Gelves et al[52].
shields [42], energy harvesting devices [39,50,51], and actuators such as artificial muscles [41].
Ag and Cu NW composites both show that, once the percolation threshold is surpassed (as
low as < 1 vol. % NWs) [52], architectures that house highly conductive and interconnected
NW networks can be formed, yielding nanocomposites with superior thermal and elec-
trical conductivities that far exceed those of microcomposites with similar metal particle
loadings [47]. See Figure 2.1 for a plot of the volume resistivity as a function of the volume
fraction of unaligned metallic NWs, illustrating the percolation threshold for both Ag and
Cu NWs, as presented by Gelves et al [52]. Since most of the reported Ag and Cu NW com-
posites were fabricated using facile solution or melt processing methods [39–42,44–48,50–53],
NW dispersion is their most significant challenge, and could make the difference between
forming well dispersed networks of percolated NWs, or highly phase separated agglom-
erated bundles of NWs in the nanocomposites matrix [48]. To overcome this challenge,
some groups functionalize their NWs before processing with polymer [47,53,54], but these
functionalization steps could potentially damage, or otherwise compromise the intrinsic
properties of the NWs, thereby forming nanocomposites with subpar material properties.
While this challenge may never be truly overcome, the introduction of the polymer ma-
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trix to templated NW arrays with controlled morphology via wet infusion could minimize
the deleterious effects of phase segregation of the NWs and polymer matrix. Metallic
NWs, both magnetic and non-magnetic, could potentially enable the design and synthe-
sis of multifunctional material architectures for next-generation electronics, but to ensure
these structures perform to their full potential, further control over the NW morphology is
necessary.
Due to their high intrinsic carrier mobilities [55–64], and exceptional mechanical prop-
erties [65], non-metallic NWs have great potential for energy harvesting and storage appli-
cations, which include solar cells [55,60–62], especially dye-sensitized solar cells (DSSCs
), nanogenerators [56,57] and capacitors [57,59], and structural applications, such as protec-
tive coating reinforcement [65]. Non-metallic NWs can be further subdivided into two
main groups according to their chemical composition: metal oxides (MOs) and non-MOs.
While a wide variety of MO non-metallic NWs are currently being studied, such as tita-
nium (TiO2) [60,61], and vanadium (Va2O5) [59] oxides , zinc oxide (ZnO) NWs are the most
prominent NWs in the MO family [66]. Due to their great charge transport properties, these
MO NWs are of immense interest for energy applications, but since they have a lower sur-
face area than low aspect ratio spherical nanoparticles (NPs , hybrid NW/NP composite
architectures are required for optimal efficiencies [63]. A major hindrance to these architec-
tures is the agglomeration of both NWs and NPs [60], which reduces the effective surface
area available for dye attachment in DSSCs. A promising approach to overcoming this
problem is to grow the NPs in situ [67,68], which, along with aligning the NWs, could poten-
tially form the ideal photoanode. While ZnO and other NWs with simple MO chemistries
are very popular for DSSCs, other MO NWs with more complex chemistries, such as the
less well known lead free potassium niobium oxide (KNbO3) perovskite NWs, are gain-
ing a lot of attention for their potential use as flexible nanogenerators and capacitors [56,57].
Since the discovery of the exceptionally large, and anisotropic, piezoelectric response along
non-polar directions in ferroelectric solid solutions, simple perovskite ferroelectric materi-
als have become prime candidates for mechanical energy harvesting devices [69], which do
not require light-illumination conditions to operate. Also, since KNbO3 NWs have high
pyroelectric coefficients, they can be used to fabricate hybrid nanogenerators that can har-
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vest energy from sunlight, mechanical deformations, and temperature differences [56]. To
increase the performance of the nanogenerators, a poling mechanism was used to tem-
porarily align the electric dipoles of the KNbO3 NWs along the applied electric field [56].
Further nanogenerator performance enhancements could be realized if the KNbO3 NWs
were highly aligned, due to the high anisotropy of the intrinsic physical properties of the
NWs. Unlike MO non-metallic NWs, which are mostly explored for energy applications,
non-MO non-metallic NWs are studied for both mechanical and transport property en-
hancement. Silicon (Si) and cadmium selenide (CdSe) NWs, due to their great charge
transport properties, could allow the formation of photoactive materials with exceptional
quantum efficiencies (QEs). CdSe NWs, in particular, are very interesting since their col-
loidal length and diameter can be precisely controlled [62,70–72], thereby altering their band
gap due to quantum confinement effects [73]. After studying the effect of length and diam-
eter of CdSe NWs on the device performance, it was determined that the NW length, and
not the diameter, is the dominant parameter [62], though longer NW lengths led to aggre-
gation [62,70], which hinders charge transport and therefore hurts device performance. See
Figure 2.2 for the effect of CdSe length and diameter on their external QE, as reported by
Huynh, Dittmer, and Alivastos [62]. Silicon carbide (SiC) NWs, due to their great oxidation
resistance and mechanical strength, are very appealing for structural reinforcement and oxi-
dation protection applications. When well dispersed, SiC NWs were found to both toughen
and enhance the oxidation shielding properties of protective films [65], but these observed
enhancements are conditional on optimal SiC NW dispersion. However, such dispersions
may be difficult to achieve in a wide variety of matrix materials. Due to their high thermal
conductivities, which could theoretically surpass CNTs and diamond [13,74], boron nitride
(BN) are very interesting for the synthesis of highly thermally conductive, but electrically
insulating composites [75]. However, similar to SiC NWs, these potential enhancements
can only be realized at optimal BN NW dispersions [75]. Overall, both MO and non-MO
non-metallic NWs possess great intrinsic properties that could make next-generation mul-
tifunctional material structures a reality, but because these properties are conditional on
optimal NW dispersion, unaligned NW architectures may not be the best solution.
Carbon based NWs, especially CNTs, are currently some of the most notorious mate-
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rials in nanoscience. The popularity of CNTs stems from their unrivaled intrinsic mechan-
ical and transport properties, as previously discussed in Chapter 1. Accordingly, the use
of CNTs in a wide variety of applications, including flexible stretchable electrodes [76–81],
transparent conductors [82,83], supercapacitors [12,84], thermal interface materials (TIMs) [85],
and materials with tailorable tribological properties for frictional applications [86–95], was
thoroughly studied. There are a few factors that hinder composites based on unaligned
CNT networks. The most significant, and hardest to avoid, is the agglomeration of CNTs,
forming bundles, when introduced into the matrix [77,83]. This leads to abysmal composite
properties. There are currently three main methods to disperse CNTs and thereby mini-
mize the effect of phase separation [83]: the use of organic solvents [96,97] or super acids [98]
to disperse CNTs; the use of surfactants [99] or other dispersants to disperse CNTs in water;
the addition of functional groups to the side walls of the CNTs to increase their solubil-
ity [100]. However, each method has its disadvantages. The first method, which is the sim-
plest, and does not require any chemical modification of the CNTs, cannot disperse CNTs
at concentrations that exceed 1mgmL , making it highly impractical for most applications
[83].
Using surfactants, such as the popular sodium dodecylbenzenesulfonate (NaDDBS) [101],
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Figure 2.2: Plot of the effect of CdSe length (left) and diameter (right) on their external
quantum efficiencies (QEs), as presented by Huynh, Dittmer, and Alivisatos[62]. The plot
on the right shows that for 7 nm diameter CdSe NWs, the external QE increases with
increasing CdSe NW length (7 nm long 7 nm diameter CdSe NWs have the lowest external
QE whereas 60 nm long 7 nm diameter CdSe NWs have the highest external QE). The plot
on the right shows that the onset of adsorption happens earlier for smaller diameter CdSe
NWs (650 nm for 3 nm diameter CdSe NWs as opposed to 720 nm for 7 nm CdSe NWs).
38
Figure 2.3: Illustration of how three popular surfactants, sodium dodecylbenzenesulfonate
(NaDDBS), sodium dodecyl sulfate (SDS), and Triton X-100, may adsorb onto the CNT
surface, as presented by Islam et al[101].
can yield much higher CNT concentrations [83], but the presence of surfactants is known to
degrade the transport properties of the CNTs [83]. See Figure 2.3 for an illustration of how
three popular surfactants, NaDDBS, sodium dodecyl sulfate (SDS), and Triton X-100, may
adsorb onto the CNT surface, as presented by Islam et al [101]. Finally, functionalization of
the CNTs can also yield very high CNT concentrations, but the functionalization process
usually results in the introduction of defects to the CNT sidewalls, degrading their prop-
erties [83]. A method of composite fabrication that could alleviate the problems associated
with CNT phase separation is the use of a wet infusion method to introduce the polymer
matrix into a pre-existing network of CNTs. One example would be the fabrication of
composites using CNT aerogel, which allows the formation of lightweight, flexible, and
highly conductive CNT composites [22,76,102,103]. However, due to the small pore sizes in
CNT aerogel [102], infusing matrix materials into such networks can be very challenging,
and therefore requires a pressure differential that may damage the very fragile pristine CNT
aerogel network. As discussed in detail the next Section, this problem can be remedied by
using highly aligned networks of CNTs, where capillary forces can be used to aid with the
polymer infusion. While CNTs have exceptional and anisotropic intrinsic properties, their
potential cannot be fully realized in isotropic architectures.
This Section introduced a wide variety of applications of NWs which are actively being
pursued, and the many difficulties associated with maximizing their performance. In the
next Section, precise morphology control, in the form of NW alignment, will be discussed
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as a potential method for overcoming these limitations.
2.2 Aligned NW Architectures
Since they can take full advantage of the anisotropy of the intrinsic properties of NWs, the
study of aligned NW nanocomposites is gaining momentum. In this Section, a variety of
previously reported aligned NW architectures are presented, and their fabrication methods
and observed performance enhancement are discussed. Similar to the preceding Section,
the NWs explored in this Section are subdivided into three major groups: metallic NWs,
non-metallic NWs, and carbon based NWs.
As discussed in the previous Section, NW architectures composed of metallic NWs,
both magnetic and non-magnetic, have great potential for a variety of energy and material
property enhancement applications. However, while the intrinsic properties of the NWs
are exceptional, the materials properties of the bulk material composed of unaligned NWs
are far below their full potential. This is one of the reasons why NW alignment, which
takes full advantage of the anisotropy of the intrinsic NW properties, was explored for a
variety of different architectures. There are currently a variety of ways to achieve NW
alignment in metallic NWs, and they consists of: physical manipulation of dispersed NWs,
template assisted growth of NWs, and untemplated growth of NWs. Physically manipulat-
20 µm
Figure 2.4: Optical micrographs of the cross-section of Co NW composites showing both
magnetically aligned (left) and unaligned Co NWs in a Poly(methyl methacrylate) matrix,
as presented by Nagai et al[104].
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ing dispersed metallic NWs, through the application of either a strong polarizing magnetic
field [104] or highly directional compressive stresses [105], is one of the easiest ways for con-
trolling their alignment, and yielding highly aligned NW architectures. See Figure 2.4 for
optical micrographs of the cross-section of aligned Co NW composites prepared using a
polarizing magnetic field, as presented by Nagai et al [104]. Another method commonly
used for obtaining aligned NWs is the template assisted NW growth technique [106], which
consists of a sacrificial template that gets removed, via etching, once the NW growth is
completed [107,108]. Finally, the most common way of obtaining aligned NWs is the use
of un-templated physical vapor deposition (PVD) [109], CVD [109], or electrodeposition [110]
techniques. Using these techniques NW composites with highly anisotropic thermal [107],
electrical [104,105], and mechanical [105,107] properties can be synthesized, allowing the de-
sign and fabrication of next-generation material architectures with enhanced properties for
energy harvesting and storage [104], and structural [109] applications.
Unlike metallic and carbon based NWs, non-metallic NWs are commonly studied in
aligned NW array form. A primary reason for this difference is that aligned non-metallic
NWs are very straightforward to produce. While non-metallic NW alignment can be
achieved in a variety of ways, their most common production techniques include: direct
substrate etching [111]; electrospinning of the NWs [112,113]; growth using catalysts nanopar-
ticles that are either embedded or deposited onto the substrate [114–118]; growth using uni-
Figure 2.5: SEM micrographs of aligned Si NW composite produced using direct substrate
etching both before (left) and after (right) polymer infiltration, as presented by Vlad et
al[111].
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formly deposited catalyst films [24,26,66,67,119–124]. See Figure 2.5 for scanning electron mi-
croscopy (SEM) micrographs of an aligned Si NW composite produced using direct sub-
strate etching, as presented by Vlad et al [111]. Once the non-metallic NWs are produced,
the most common ways of fabricating an aligned non-metallic NW architecture consisted
of either wet infusion [111,112,122,124] or spin casting [113,116,117,123] of the matrix material.
Using these processing steps, aligned non-metallic NW architectures, which outperformed
the unaligned non-metallic NW composites presented in the previous Section, could be
produced for energy storage [66,111] and harvesting [24,26,66,67,113,115–117,122,123], and physi-
cal property enhancement [112] applications.
Since the properties of carbon NWs along their alignment direction far exceed their
properties in any other direction, there were many studies on fabricating aligned carbon
NW arrays. Aligned arrays of CNTs are prepared using a variety of ways, such as me-
chanical manipulation [125] and template assisted growth [126–129], but since the production
of large areas of aligned CNTs was first demonstrated using un-templated growth [130], un-
templated growth using a variety of catalyst layers and feedstock gases has become the most
popular aligned CNT fabrication method [20,27–30,34,119,130–149]. To make composite archi-
tectures out of the produced aligned CNT arrays, there are two primary methods: wet infu-
sion, either capillary-driven [27,138,150,151] or vacuum assisted [139]; gas phase infusion, via
polymer CVD [28] or chemical vapor infiltration (CVI) [147–149]. See Figure 2.6 for a CNT
Figure 2.6: SEM micrographs of a CNT A-PNCs produced via capillary-driven infusion of
a 1 vol. % CNT forest (grown using CVD) with epoxy (RTM6), as presented by Wardle et
al[27].
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A-PNC produced by capillary-driven infusion, as presented by Wardle et al [27]. By utilizing
these well-documented processing methods, aligned CNT architectures with enhanced me-
chanical [27,28,30,136–138] and transport [20,30,127,138,144,145] properties can be manufactured
for application in TIMs [20,28], high strength low weight structural composites [27,30,133],
flexible electrodes [133,138], sensors and interconnects [28,133,138,140], advanced microfluidic
devices [140,144,145], and thin films with tailorable tribological properties [125,129,149].
This Section presented the most prevalent methods for fabricating aligned NW compos-
ite architectures, and their many pursued applications. In the next Section, the problems
that are faced by CNT A-CMNCs will be discussed, and the course of study necessary for
their trivialization will be proposed.
2.3 Challenges Specific to CNT A-CMNCs
While a variety of CNT ceramic matrix composites were previously explored, such as alu-
mina (Al2O3) [89,93,129], and SiC [125], the most important ceramic matrix for next-generation
materials is carbon (PyC) because: PyC can be prepared via pyrolysis on an industrial
scale from a variety of precursor polymers [128]; PyC can be processed in situ at low tem-
peratures [128]; PyC has great compatibility with carbon NWs. Two of the most common
precursor polymers for producing the PyC matrix are polyacrylonitrile (PAN), and phe-
nolic resins. Although PAN, which is commonly used to prepare carbon fibers for the
aerospace industry [152], is capable in producing graphene-like PyC in the presence of a
CNT network [22], phenolic resins, which are commonly used to produce the carbon matrix
in carbon fiber reinforced carbon (C/C) materials, are significantly less expensive, require
no carbonization catalyst, and are more compatible with the industrial manufacturing pro-
cesses used to produce matrix materials for advanced fiber and NW composites. Therefore,
this work focuses on the fabrication and processing of CNT A-CMNCs using a commer-
cially available phenolic resin.
The production of CNT A-CMNCs using phenolic resins and their subsequent py-
rolyzation is challenging for a number of reasons:
. Small inter-CNT spacings in the forest (∼ 80 nm for 1 vol. % CNT as-grown forests,
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and ∼ 10 nm for 20 vol. % CNT densified forests) make the complete infusion with
phenolic resins very difficult.
. Since carbon is known to react with oxygen, hydrogen, and water above 400◦C, and
because pyrolysis of the phenolic resin into PyC requires temperatures that exceed
600◦C, the walls of the CNTs may become damaged during the pyrolyzation step.
. During pyrolysis, about half the initial mass of the phenolic resin is lost, causing the
formation of a highly porous, porosity (φ ) > 40 vol. %, PyC matrix that has physical
properties far below its full potential.
. Re-infusion with phenolic resins is only possible when they are diluted, making the
fabrication of very low porosity (φ < 20 vol. %) PyC matrices very difficult.
Therefore, making low porosity A-CMNCs with undamaged CNTs using phenolic
resins pyrolyzed at temperatures that exceed 600◦C is very challenging. Also, making
CNT A-CMNCs with the desired anisotropic mechanical and transport properties poses an
additional challenge.
2.4 Conclusions
In this Chapter, the technological prospects and synthesis methods of NW architectures
were presented, and the challenges underlying the fabrication of CNT A-CMNCs with
minimal porosity and damage to the CNTs were established. Previous works in these areas
were reviewed, and the lessons that can be learned from their findings were discussed. In
the next Section, the objectives of this thesis are outlined, and a framework for meeting
these objectives, informed by the works discussed in this Section, is presented.
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Chapter 3
Objectives and Approach
To synthesize CNT A-CMNCs with anisotrpic mechanical and transport properties for
next-generation material applications, the effect of processing parameters on the structure
and morphology of the underlying CNTs in the A-CMNCs must be understood. Addition-
ally, to enable prediction of the physical properties of CNT A-CMNCs, a clear understand-
ing of the effects of CNT morphology on their performance must be developed.
3.1 Objectives
The objectives of this thesis were to gain insight into the effect of CNT structure and mor-
phology on the performance of carbon matrix nanocomposites. This required the develop-
ment of several key theoretical models to help understand the implications of the experi-
mental results, and to gain more insight into the general behavior of aligned CNTs.
3.2 General Approach
The efforts undertaken in this thesis can be classified into three major stages: study and
tailoring of the CNT A-CMNC synthesis and processing parameters, CNT morphology
characterization in both forest and composite forms, CNT A-CMNC mechanical property
characterization. The strategies used in each stage are outlined in the remainder of this
Chapter, and their results can be found in the subsequent Chapters.
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3.2.1 A-CMNC Synthesis and Processing Parameter Study
The CNT A-CMNC processing and synthesis study focused on producing composites with
a variety of CNT volume fractions (ranging from 1 to 20 vol. % CNTs) at the highest
attainable CNT loadings. To help understand the experimental results, and to enable the
prediction of the maximum attainable bulk density, a variety of supporting models were
developed (see Section 4.2 for thorough model derivations and discussions). The support-
ing models, which are referred to as the re-infusion model when taken together, include the
following elements:
. Calculation of the theoretical minimum mass loss in the phenolic matrix due to py-
rolysis.
. Calculation of the theoretical density of an individual MWCNT.
. Calculation of the theoretical maximum density of the PyC matrix.
. Calculation of the effect of matrix shrinkage and mass loss on the density of the PyC
matrix
The re-infusion model, which is populated via experimental results, is used to compare
the CNT A-CMNC porosity to that of C/C materials, and to determine whether further re-
infusions (which take longer than the first infusion to complete) will have any significant
impact on the final bulk density of the CNT A-CMNC.
3.2.2 CNT Forest and A-CMNC Morphology Characterization
Since the processing parameters can have a very large influence on the morphology of the
CNT A-CMNCs, the morphology characterization studies focused on both CNT forests
(baselines) and A-CMNCs. The characterization methods employed included Brunauer-
Emmett-Teller (BET) surface area analysis, high resolution scanning electron microscopy
(HRSEM), and Raman spectroscopy (see Chapter 5 for more details) and were used to
quantify the following:
. SSA of the MWCNTs that compose the CNT forest (BET surface area analysis).
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. CNT packing morphology and alignment (HRSEM).
. CNT quality (Raman spectroscopy).
To help analyze the experimental results, two analytical models were developed (see
Section 5.2 for thorough model derivations and discussions). These models included:
. SSA model to quantify the average outer diameter of hollow NWs (specifically MWC-
NTs) and estimate the number of layers of water molecules adsorbed onto the NW
surface in ambient conditions.
. Coordination number model to quantify the average packing morphology of aligned
NW arrays of varying NW volume fractions.
These two models, which were populated via experimental results, are used to analyze
the outer diameter of the MWCNTs that make up the CNT forest, and to predict the average
inter-CNT spacing in the architectures at specific CNT volume fractions.
3.2.3 A-CMNC Mechanical Property Characterization
The mechanical characterization study focused on quantifying the microhardness of the
CNT based architectures. The primary method of quantifying the microhardness consisted
of the Vickers microhardness test. Vickers microhardness testing consisted of the following
samples:
. Phenolic and PyC baselines.
. Phenolic matrix CNT A-PNC precursors.
. PyC matrix CNT A-CMNCs.
To help analyze the experimental results, the apparent density of the CNT A-CMNCs
(presented in Chapter 4) was used to calculate the specific microhardness, a quantity that
helps put the performance of the CNT A-CMNCs into perspective when high strength and
low density are both of utmost importance. The calculated specific microhardness values
are then used to compare the CNT A-CMNC mechanical properties to those of C/C and a
variety of other engineering materials.
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Chapter 4
Processing of CNT A-CMNCs
To synthesize CNT A-CMNCs with anisotropic physical properties, the effect of processing
parameters on the density and porosity of the structure must be understood. Additionally, a
clear quantitative understanding of how phenolic re-infusion and re-pyrolyzation modifies
the porosity must be developed. Using this knowledge, the precise tailoring of the porosity
of the PyC matrix of the CNT A-CMNCs may be possible.
This Chapter presents the theoretical and experimental background necessary to under-
stand where the empirically determined density values originate from, and how multiple
phenolic infusions and pyrolyzations may be used to control the porosity of the PyC matrix
of the CNT A-CMNCs.
4.1 Introduction to PyC and PyC Composites
To understand the behavior of PyC-matrix composites, some fundamental knowledge about
the structure and properties of PyC is necessary. In this Section, the formation and structure
of PyC will be introduced and discussed in two forms: (1) pure matrix material form, simi-
lar to how it is used in this thesis; (2) CF reinforced composite form, known as C/C, where
PyC finds many engineering applications. Finally, the reinforcement of C/C composites
with various nanoparticles, including carbon nanofibers (CNFs), CNTs, and nanographite,
is presented and evaluated.
Although PyC can be made through the pyrolysis of a variety of polymers, the structure
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Figure 4.1: Illustration of a graphitic crystallite, demonstrating the crystallite size, La, and
thickness, Lc. This figure is based on the one presented by Li et al[150].
of the polymer precursor and the pyrolyzation temperature can strongly affect the structure
of the resulting PyC. This has to do with the graphitic crystallites, which make up the PyC,
and how they form and stack during the pyrolyzation of the polymer precursors [153]. These
graphitic crystallites, when perfectly ordered in an AB stacking structure, form hexagonal
graphite [154]. See Figure 4.1 for an illustration of a graphitic crystallite, demonstrating
the crystallite size (Figure 4.1a), La, and thickness (Figure 4.1b), Lc, as presented by Li et
al [154]. However, in PyC, the crystallites are randomly arranged and rotated about the nor-
mal of the crystallite basal plane, thereby forming a turbostratic structure. In general, there
are two classes of turbostratic carbon [153]: graphitizing and non-graphitizing. The main
difference between the two classes is that graphitizing carbons generally have little to no
porosity [153], also known as an ’anthracitic structure’ [155], whereas non-graphitizing car-
bons generally have a finely porous structures [153], also known as an ’open structure’ [155].
See Figure 4.2 for an illustration of the ’anthracitic structure’ of graphitizing carbons (Fig-
ure 4.2a), and the ’open structure’ of non-graphitizing (Figure 4.2b) carbons, based on
figures presented by Franklin [153]. The main difference between the graphitizing and non-
graphitizing carbons is the following ratio: La/Lc. The graphitizing carbons generally
exhibit La/Lc . 10, whereas the non-graphitizing carbons generally have La/Lc & 15 [153].
The phenolic resin used in this work yields PyC with La/Lc < 10, which is approximated
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Figure 4.2: Illustration of the graphitizing (a) and non-graphitizing (b) structures, based on
figures presented by Franklin[149].
using a previously reported [156] Lc value for phenolic resins pyrolyzed at 800◦C, and an La
approximated using an equation previously developed for quantifying the crystallite size
of nanographite [157] (see Section 4.2.1.3 for further details). This indicates that the PyC
formed by the phenolic resin is graphitizing, and its pyrolysis at very high temperatures
(> 2000◦C) would likely result in the formation of a more graphitic PyC matrix. However,
since the phenolic resin is pyrolyzed at 750◦C in this thesis, an ’open structure’ will likely
be exhibited.
The other previously mentioned polymer commonly used to make PyC materials is
PAN. When pyrolyzed under tension, at temperatures on the order of 1000∼ 1500◦C (with
an optional final heat treatment at ∼ 3000◦C), fibers of PAN can be converted into a PyC
fiber known as a CF [158]. These CFs made from a PAN precursor, known as ex-PAN CFs,
have a reported density of 1.74 g/cm3 and a reported elastic modulus of 230 GPa [158].
These values are both lower than the reported values for single crystal graphite [158]: density
= 2.25 g/cm3, elastic modulus = 1000 GPa. To illustrate the importance of the precursor
material, and whether it forms a graphitizing PyC, the ex-PAN CFs need to be compared to
ex-pitch CFs (specifically CFs made from mesophase pitch). The mesophase pitch, unlike
PAN, forms a graphitizing PyC, which allows ex-mesophase pitch CFs, when heat treated at
very high temperatures, to achieve densities (∼ 2.2 g/cm3) and elastic moduli (∼ 690 GPa)
that are much closer to those of single crystal graphite [158]. As mentioned earlier, when
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CFs are combined with a PyC matrix, they form a material known as C/C. To compare the
CNT A-CMNCs to similar structure, C/C reinforced with CNFs, CNTs and nanographite
will be discussed next.
There is much interest in enhancing the physical properties of C/C composites through
reinforcement with a variety of nanostructured carbons that include graphene, CNTs, CNFs,
and nanographite. CNTs, as previously mentioned, are one of the prime candidates for re-
inforcing C/C composites due to their exceptional intrinsic physical properties. Previous
studies on CNT reinforced C/C demonstrated that the inclusion of the CNTs, depending
on their quality, may enhance the mechanical [159] and tribological [149,160] properties of
the C/C composites. CNFs, which have intrinsic properties that are nearly comparable to
CNTs, are also a good candidate for C/C reinforcement because their production in large
industrial quantities is more feasible than such large scale production of CNTs [161,162].
Previous studies on CNF reinforced C/C demonstrated that the physical property enhance-
ment of C/C composites depends very strongly on the CNF content: low CNF loadings
(. 5 wt.%) lead to enhancement [159,161,163]; high CNF loadings (> 5 wt.%) could lead to
compromised physical properties [159,163]. Overall, the use of CNTs and CNFs to reinforce
C/C composites has three main issues (which also apply to PNCs) [161,164]: The dispersion
of CNTs and CNFs in the matrix is very difficult; CNTs and CNFs bond very poorly with
the PyC matrix; Alignment of CNTs and CNFs is very challenging. On the other hand,
nanographite is not as susceptible to such processing problems [164]. A previous study on
nanographite reinforced C/C demonstrated that at low loadings (. 1.5 wt.%), nanographite
reinforcement leads to enhanced mechanical properties, but at high loadings (> 1.5 wt.%),
the nanographite particles agglomerate and do not outperform C/C composites reinforced
by . 1.5 wt.% nanographite [164]. The results of these studies illustrate that in order to
produce PyC composites that outperform the pure PyC, the nanostructured carbon must be
well aligned and dispersed, and have good adhesion to the PyC matrix.
This Section introduced the structure and formation of PyC, its use in C/C, and the dif-
ficulties associated with the reinforcement of C/C with nanoscale carbons. In the remainder
of this Chapter, the experimental and theoretical work done to synthesize CNT A-CMNCs,
and their observed density and porosity, are presented and discussed.
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4.2 Synthesis of CNT A-CMNCs
In this Section, the theory, experimental details, and results of the CNT A-CMNC synthesis
and processing studies are presented. Subsection 4.2.1 contains the derivation of the re-
infusion model, Subsection 4.2.2 outlines the experimental methods, and Subsection 4.2.3
presents the experimental and model results. These results are then used to evaluate the
synthesized CNT A-CMNCs, and to recommend future paths of research that will enable
the fabrication of enhanced CNT A-CMNCs.
4.2.1 Re-infusion Model Development
In this Subsection, the details of the five calculations that make up the re-infusion model
are presented. The relations outlined within this section are used to analyze and better
understand the observed experimental results presented in Section 4.3.
4.2.1.1 Calculation of the Theoretical Minimum Matrix Mass Loss Due to Pyrolysis
Assuming that the phenolic resin has a structure that is similar to Bakelite (see Figure 4.3),
the number of carbon (C), hydrogen (H) and oxygen (O) atoms per repeat unit can be
approximated as: 26C, 22H, 4O. The theoretical minimum mass change due to pyrolysis,
∆Mminp , can now be defined:
OH OH OH
OH
Figure 4.3: Sketch of a representative repeat unit of Bakelite. This repeat unit is used to
approximate the theoretical minimum mass loss during pyrolysis, assuming that only the
carbon atoms remain.
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∆Mminp =
mass of C
total mass
−1 =−0.2163≈−0.22 (4.1)
Using this result, the observed mass loss during pyrolysis (see Section 4.3) can be better
understood.
4.2.1.2 Calculation of the Theoretical Density of an Individual 8 nmDiameter MWCNT
In order to predict the theoretical density of a MWCNT, which is composed of layers of
rolled up graphene, the theoretical density of a single graphene sheet needs to first be
evaluated. The easiest way to do so is to use the benzene rings as the repeat units, and then
evaluate their density (see Figure 4.4 for illustration). Since each benzene ring encloses
2 C atoms (see Figure 4.4a), which have a mass of mC, the theoretical density of a single
graphene sheet, ρgraphene, can be evaluated as follows:
ρgraphene =
2mC
V7
Where V7 is the volume of the benzene ring, which can be easily evaluated by using their
van der Waals radius, rvdW , and the C-C bond length, `C−C (see Figure 4.4b), to yield the
Figure 4.4: Illustration of the geometry used to compute the theoretical density of graphene.
Both a space filling (a) and ball-and-stick (b) representations are used to demonstrate that
two carbon (C) atoms are enclosed in each repeat benzene unit (a), and to indicate the C-C
bond length, `C−C (b).
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following expression for ρgraphene:
ρgraphene =
2
√
3mC
9`2C−CrvdW
(4.2)
Using the accepted values for graphite [165,166] of rvdW = 1.705 A˚ and `C−C = 1.415 A˚,
the predicted ρgraphene is 2.25 g/cm3, which is the same as the density reported for single
crystal graphite [158].
To find the density of a MWCNT with nw number of walls, the effective volume of
graphene, V e f fgraphene,n, needs to be evaluated. Using the inter-layer spacing value of `= =
2rvdW (≈ 3.41 A˚) [166], the length of the MWCNT, `, and the MWCNT inner, DCNT,i, and
outer, DCNT,o, diameters, V
e f f
graphene and the density of a MWCNT with nw walls, ρCNT,nw ,
can be evaluated (see Figure 4.5 for an illustration of the geometry):
V e f fgraphene,nw = ``=
(
nw
∑
j=1
(DCNT,i+2`=( j−1))
)
(4.3)
Figure 4.5: Illustration of the cross-sectional geometry of the MWCNTs showing ranging
from 3 to 7 walls (3≤ nw≤ 7). The inter-layer spacing, `=, and the MWCNT inner, DCNT,i,
and outer, DCNT,o, diameters are indicated.
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ρCNT,nw = 4ρgraphene`=

nw
∑
j=1
(DCNT,i+2`=( j−1))
D2CNT,o
 (4.4)
However, since our MWCNT forests are composed of a distribution of 3-7 walled
MWCNTs [146] with DCNT,o = (DCNT,i+ 2`=(nw− 1))2, the average intrinsic density of
our MWCNTs, ρCNT , must take into account the populations of the MWCNTs, pnw , and
needs to be computed as follows:
ρCNT = 4ρgraphene`=
(
7
∑
k=3
pk
(DCNT,i+2`=(k−1))2
(
j
∑
j=1
(DCNT,i+2`=( j−1))
))
(4.5)
Since we know that the average values of DCNT,i and DCNT,o for our CNTs are DCNT,i≈
5 nm and DCNT,o ≈ 8 nm from a previous high resolution transmission electron microscopy
(HRTEM) study [146], the populations can be solved for numerically, yielding: p3 ≈ 0.04;
p4 ≈ 0.09; p5 ≈ 0.37; p6 ≈ 0.43; p7 ≈ 0.07. Evaluating Equation 4.4 using ρgraphene from
Equation 4.2 yields a predicted ρCNT value of 1.6686 g/cm3 ≈ 1.70 g/cm3.
To evaluate this calculation, Equation 4.4 was extended to a bundle of single walled
CNTs (SWCNTs). Bundles of SWCNTs have a previously reported density of 1.33−
1.40 g/cm3, depending on their chirality [167]. This value is commonly confused with the
intrinsic density of a CNT in the literature, even though the intrinsic SWCNT density is very
different from the density of an SWCNT bundle. Assuming the SWCNTs in the bundle are
hexagonally packed in 2D (see Section 5.2 for a thorough discussion of the geometry), and
have a diameter dSWCNT , the density of the bundle, ρbundle can be evaluated as follows:
ρbundle = ρgraphene`=
(
2
√
3pi
3
)(
dSWCNT
(dSWCNT + `=)2
)
(4.6)
Using dSWCNT ≈ 1.2− 1.3 nm, which are representative of the SWCNT diameters
seen in the previously reported SWCNT bundle studies [167,168], results in 1.343 g/cm3 /
ρbundle / 1.405 g/cm3, which are in good agreement with reported values [167].
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4.2.1.3 Calculation of the Theoretical Density of the PyC Matrix
To predict the theoretical density of the PyC matrix, La, Lc, and the crystallite inter-layer
spacing, `cryst , need to be approximated. To approximate La, the following equation pre-
viously developed for quantifying the crystallite size of nanographite [157] using Raman
spectroscopy can be used:
La(nm) = (2.4×10−10)λ 4l
(
IG
ID
)
(4.7)
Where λl is the wavelength of the incident laser light, and IG/ID corresponds to the ratio
of the integrated intensities of the G and D bands (see Chapter 5 for more details) [157].
Using λl = 785 nm (red laser) and IG/ID ∝ 0.5 (similar to the ID/IG ' 2 value previously
reported for PyC formed from a phenolic resin at ∼ 750◦C) [169], La = 45.57 nm≈ 46 nm.
To approximate the values of Lc and `cryst for our phenolic resins pyrolyzed at ∼ 750◦C,
the values previously reported [156,170] for phenolic resins pyrolyzed at 800◦C can be used:
Lc ≈ 10 nm and `cryst = 0.342 nm.
As previously mentioned, the PyC structure is turbostratic in nature. Assuming that the
crystallites can be modeled by the previously described [155] ’open structure’, where there is
pronounced crystallite crosslinking and minimal crystallite stacking [155], a representative
random packing structure, inspired by the one sketched for carbon black [171], can be drawn
Figure 4.6: Sketch of a representative turbostratic random packing structure for the PyC
matrix. The crystallite size, La, and thickness, Lc, are both indicated.
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Figure 4.7: Illustration of the ideal (left) and vacant (right) repeat units in graphitic sheets.
The vacant unit cell is missing 1/6 C atoms, leading to a density that is 5/6 that of the ideal
density.
and used to approximate the volume fraction of the crystallites, Vf ,cryst . See Figure 4.6
for a sketch of a representative turbostratic random packing structure for the PyC matrix.
From Figure 4.6, which contains 19 crystallites and has an area of ∼ 98 nm× 187 nm,
→Vf ,cryst = 0.4770≈ 0.48.
To find the theoretical density of the PyC matrix, ρ theoreticalPyC , vacancies in the graphitic
sheets that make up the crystallites, which commonly occur during pyrolysis, must also be
considered. To do so, the vacant and ideal repeat units must be defined. See Figure 4.7
for an illustration of the ideal and vacant repeat units. Since the vacant unit cell is missing
1/6 C atoms, but has the same volume as the ideal unit cell, the density of a vacant unit
cell, ρcryst,vac is therefore 5/6 that of the ideal unit cell, ρcryst,ideal . Using Equation 4.2,
ρcryst,ideal can be approximated, yielding ρcryst,ideal ≈ 2.24g/cm3. Therefore ρcryst,vac =
(5/6)ρcryst,ideal ≈ 1.87g/cm3. To find the theoretical density of the PyC matrix, ρ theoreticalPyC ,
Vf ,cryst , ρcryst,ideal , and ρcryst,vac need to be combined with the population of vacancies, pvac
(0≤ pvac ≤ 1), to yield the following equation:
ρ theoreticalPyC =Vf ,cryst((1− pvac)ρcryst,ideal+ pvacρcryst,vac) (4.8)
By setting pvac = 0 (no vacancies), Equation 4.8 yields ρ theoreticalPyC = 1.08 g/cm
3 ≈
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1.1 g/cm3. Using this value for ρ theoreticalPyC the experimentally determined density of the
PyC matrix, ρapparentPyC , (See Section 4.2.3) can be better evaluated and analyzed.
4.2.1.4 Quantification of the Effects of Matrix Shrinkage, Mass Loss, and Re-infusion
on the Apparent Porosity of the PyC Matrix
The CNT A-CMNC porosity after a single phenolic infusion, φ f ,1, can be defined as a
function of the initial CNT forest porosity, φ0, theoretical minimum PyC porosity (perfect
conversion from phenolic to carbon), φPyC,1, volume change coefficient (due to pyrolysis),
∆Vp,1, and mass change coefficient (due to pyrolysis), ∆Mp,1:
φ f ,1 =
(
1− 1−φ0
∆Vp,1
)(
1− φPyC,1(1+∆Mp,1)
1+∆Vp,1
)
(4.9)
Where φPyC,1 is defined as the ratio of the density of the polymer in the pores after a single
infusion, ρPNC,1 = M1V1 , and ρcryst,ideal (from Section 4.2.1.3). For subsequent infusion, the
porosity change could vary, so the theoretical PyC porosity needs to be modified to take
into account the new mass, M, and the new volume, V of the system (where ρm, Mm, and
Vm are arbitrary):
ρm=
Mm− (M1(1+∆Mp,1)+ . . .+Mm−1(1+∆Mp,m−1))
Vm−
(
V1
(
1− ρPNC,1ρcryst,ideal (1+∆Mp,1)
)
(1+∆Vp,1)+ . . .+Vm−1
(
1− ρPNC,m−1ρcryst,ideal (1+∆Mp,m−1)
)
(1+∆Vp,m−1)
)
↪→ ρm =
Mm−
m−1
∑
i=1
(Mi)(1+∆Mp,i)
Vm−
m−1
∑
i=1
Vi
(
1− ρPNC,iρcryst,ideal (1+∆Mp,i)
)
(1+∆Vp,i)
(4.10)
Extending the working equation to an ni number of phenolic infusion yields the follow-
ing general form, ρPyC,ni:
ρPyC,ni = ρcryst,ideal
(
1− 1−φi
∆Vp,1+∆Vp,2+ . . .
)(
1−
(
ρPNC,1(1+∆Mp,1)
ρcryst,ideal(1+∆Vp,1)
)
−
((
ρPNC,2(1+∆Mp,2)
ρcryst,ideal(1+∆Vp,2)
)(
ρPNC,1(1+∆Mp,1)
ρcryst,ideal(1+∆Vp,1)
))
−
(
ρPNC,3(1+∆Mp,3)
ρcryst,ideal(1+∆Vp,3)
)
((
1− ρPNC,2(1+∆Mp,2)
ρcryst,ideal(1+∆Vp,2)
)(
ρPNC,1− (1+∆Mp,1)
ρcryst,ideal(1+∆Vp,1)
))
− . . .
)
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To help condense this formula, the amount of porosity filled by each infusion, ξni , can
be defined:
ξni =
ρPNC,ni(1+∆Mp,ni)
ρcryst,ideal(1+∆Vp,ni)
(4.11)
↪→ ξ3 . . . ξni = ψni−2f ξ2
Where ψ f is physically equivalent to the difficulty of filling the pores. using the unit
step function, H(x),
⇒ H(x) =
0 x< 01 x≥ 0
, leads to the following condensed form of
the general equation for ρPyC,ni:
ρPyC,ni = ρcryst,ideal
(
1− 1−φi
∆Vp
)(
1−ξ1
(
H(ni)+(1−ξ2)
(
H(ni−2)
−
ni
∑
j=3
ψ j−2f ξ2(1−0.5ξ2H(ni−2))
(
1−
ni
∑
k=5
k
∏
h=5
ψ j−4f ξ2
)))) (4.12)
Since the volume is unlikely to change after the first pyrolyzation, the following sim-
plification can be made: ∆Vp,1 ≡ ∆Vp and ∆Vp,k 6=1 = 0. To obtain the density of the CNT
A-CMNC as a function of ni, ρCMNC,ni , the contribution of the MWCNTs needs to added
to ρPyC,ni , using ρCNT from Equation 4.5, yielding the following form:
ρCMNC,ni = ρcryst,ideal
(
1− 1−φi
∆Vp
)(
1− (ξ1)
(
H(ni)+(1−ξ2)
(
H(ni−2)
−
ni
∑
j=3
ψ j−2f ξ2(1−0.5ξ2H(ni−2))
(
1−
ni
∑
k=5
k
∏
h=5
ψ j−4f ξ2
))))
+ρCNT
(
1−φi
∆Vp
)
(4.13)
Using Equation 4.13, and the experimentally determined CNT A-CMNC density, ρexpni ,
∆Mexpp,n , and ∆V expp (see Section 4.2.3), ρapparentPyC,ni can be calculated, and predictions of the
density of the PyC matrix after ni number of infusions can be generated. Using these
results, maximum attainable CNT A-CMNC density with the used processing parameters,
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and the point of diminishing returns, can be elucidated without performing the very time
consuming full parametric study that would be necessary for their empirical determination.
4.2.2 Experimental
Here we describe the methodology used to investigate the apparent density of CNT A-
CMNCs, composed of∼ 8 nm outer diameter vertically aligned MWCNTs, of CNT volume
fractions ranging from 1 to 20 vol. % CNTs..
4.2.2.1 Aligned MWCNT Array Synthesis
Aligned MWCNT forests were grown in a 22 mm internal diameter quartz tube furnace
at atmospheric pressure via a previously described thermal catalytic CVD process using
ethylene as the carbon source [20,27,28,30]. CNT growth takes place at a nominal temperature
of 750◦C, with an average growth rate of ∼ 2 µm/s [20,27]. MWCNT arrays were grown
on 1 cm× 1 cm Si substrates with a catalytic layer composed of 1 nm Fe/10 nm Al2O3
deposited by electron beam deposition, forming vertically aligned, ∼ 1 vol. %, 8 nm diam-
eter, millimeter length scale MWCNT arrays [20,27,28]. As-grown (∼ 1 vol. %) CNT forests
are then delaminated from the Si substrate using a standard lab razor blade, and densified
using biaxial mechanical densification to the desired CNT volume fraction (up to∼ 20 vol.
%) [29,34].
4.2.2.2 CNT A-CMNC Processing Parameters
Fabrication of CNT A-PNCs via vacuum assisted wetting was performed by first gently
depositing free-standing CNT forests into a hollow cylindrical plastic mold, ensuring that
the primary axis of the CNTs in the forest was orthogonal to the plane of the mold. Phenolic
resin was then added on top of the CNT forest, which maintained its orthogonal alignment,
but formed some phenolic rich areas (see Figure 4.8a). Phenolic infusion took place at
40◦C under vacuum for ∼ 24 hours. CNT A-PNCs were then cured for 6 hours at 80◦C.
See Figure 4.8a for an image of the cross-sectional surface of a fractured CNT A-PNC.
To turn the cured CNT A-PNCs into A-CMNCs, samples were heat treated as follows
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in a He environment: 400◦C for 30 minutes, 600◦ for 30 minutes, 750◦ for 30 min. These
temperatures are very close to the previously reported temperatures of maximum reaction
rate for a neat phenolic resin undergoing pyrolysis [33]. See Figure 4.8b for an image of the
cross-sectional surface of a fractured CNT A-CMNC, showing some of the pores that form
during the conversion of the phenolic resin into PyC. CNT A-CMNCs were then trimmed
and polished, ensuring that the regions of excess PyC (both above and below) surrounding
the original CNT forest were removed.
Phenolic re-infusion was performed by first placing the CNT A-CMNCs into a hollow
cylindrical plastic mold, ensuring that the primary axis of the CNTs in the A-CMNCs was
orthogonal to the plane of the mold. Diluted phenolic resin (in acetone), which had a
dilution factor (Fdilut) ' 60% by mass, was then added on top of the CNT A-CMNCs. As
discussed in Section 4.2.3, Fdilut has a very strong effect on the final A-CMNC density and
porosity. Phenolic re-infusion took place at room temperature and pressure for ∼ 72 hours.
Re-infused CNT A-CMNCs were then cured for 30 minutes at 80◦C, and subsequently
pyrolyzed using the previously described conditions (400◦C (30 minutes) → 600◦C (30
minutes) → 750◦C (30 minutes)). Finally, the re-infused CNT A-CMNCs were trimmed
and polished, ensuring that the regions of excess phenolic resin surrounding the original
CNT forest were removed.
To evaluate φapparentPyC in the baselines (pure PyC) and the CNT A-CMNCs, their exper-
imentally determined apparent density, ρexp, was approximated by first drying the samples
in a He environment, and measuring their mass, mexp, on a Mettler AE100 Analytical Bal-
ance, and volume, Vexp. ρapparentPyC and φ
apparent
PyC were then estimated using the following
relationship of ρCNT and φi:
φapparentPyC = 1−
ρapparentPyC
ρcryst,ideal
= 1−
 mexp−ρCNT
(
1−φi
∆Vp
)
(
1−
(
1−φi
∆Vp
))
Vexpρcryst,ideal
 (4.14)
Where (ρCNTVf ,CNT/∆Vp) is the mass contributed by the CNTs. See Section 4.2.3.1 for a
presentation of relevant quantities used in Equation 4.14.
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Figure 4.8: Low resolution SEM micrographs of the cross-section surfaces of fractured
CNT A-PNCs (a) and A-CMNCs (b) made using 1 vol. % CNT forests illustrating the phe-
nolic rich regions in the A-PNCs (a) and the A-CMNC porosity that results from pyrolysis
(b).
4.2.3 Results and Discussion
In this part of the Chapter, the experimental apparent density results are presented, and
using the re-infusion model results from Section 4.2.1, the A-CMNC processing parameters
are evaluated.
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4.2.3.1 Single Phenolic Infusion Results
necstlab SEI 3.0kV X25,000 WD 3.0mm 1µm
necstlab SEI 1.0kV X25,000 WD 3.0mm 1µm
CNT
Axis
8 nm
Figure 4.9: HRSEM micrograph of an as-grown (1 vol. %) MWCNT forest (a) and A-
CMNC (b) with a volume fraction of 1 vol. % CNT. These images show that CNT align-
ment is largely preserved during pyrolysis, but as shown in Figure 4.8, some deflection of
the CNTs occurs due to pore formation during pyrolysis.
As the high resolution SEM micrographs in Figure 4.9 demonstrate, the alignment of
CNTs in the A-CMNCs (Figure 4.9b) does not vary significantly from the CNT alignment
in the forests (Figure 4.9a) over a characteristic length scale of ∼ 1 µm. However, while
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Figure 4.8a shows that there is minimal porosity present in the CNT A-PNCs, Figure 4.8b
clearly illustrates that a significant amount of pores form during the pyrolysis process.
These pores deflect and concentrate some of the aligned CNTs in the matrix of the CNT
A-CMNCs over a characteristic length scale of ∼ 10 µm.
To quantify the effect of pyrolysis on the porosity of the CNT A-CMNCs, the experi-
mentally determined apparent densities of the CNT A-PNCs and A-CMNCs (see Table 4.1)
were used to calculate ∆Mp and ∆Vp (see Table 4.2). The values in Table 4.1 are all
lower than the apparent density of the the pure PyC baselines (0.930±0.056 g/cm3). The
ρapparentPyC,1 results presented in Table 4.2 indicate that as the CNT volume fraction increases,
the fill factor (Ff ill), defined as the amount of inter-CNT porosity filled composite fabri-
cation, decreases. Ff ill was estimated in the CNT A-PNC precursors (and therefore CNT
A-CMNCs) as follows:
Ff ill =
ρapparentPyC,1
ρapparentPyC,1 (baseline)
(4.15)
Where ρapparentPyC,1 (baseline) is defined as the apparent density of the pure PyC baselines
(' 0.93 g/cm3). Since the inter-CNT spacing is likely the primary culprit for the low
Ff ill values observed for densified CNT A-CMNCs, Ff ill is plotted as a function of the
average inter-CNT spacing values [34] (see Chapter 5 for more details) in Figure 4.10.
As Figure 4.10 demonstrates, the decrease in Ff ill as a function of the inter-CNT spac-
ing is approximately linear until a value of ∼ 18 nm [34], after which the decrease is ap-
proximately exponential in nature. This is likely due to the radius of gyration of the
phenolic resin, which is on the order of the inter-CNT spacing for the 20 vol. % CNT
Table 4.1: Experimentally determined apparent densities for the first infusion
vol. % CNTs ρexpPNC,1 (g/cm
3) ρexpCMNC,1 (g/cm
3)
0 − 0.930±0.056
1 0.963±0.161 0.888±0.115
5 0.740±0.064 0.652±0.081
10 0.798±0.028 0.633±0.067
20 0.783±0.089 0.648±0.001
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Table 4.2: Calculated mass and volume change coefficients due to pyrolysis, apparent den-
sities of the PyC matrices, and estimated porosities after the first infusion
vol. % CNTs ∆Mexpp,1 (%) ∆V
exp
p (%) ρapparentPyC,1 (g/cm
3) φapparentPyC,1 (%)
0 − − 0.930±0.056 58.5±2.5
1 −46.7±1.1 −43.1±6.6 0.874±0.117 61.0±5.2
5 −44.3±15.1 −44.5±21.4 0.490±0.089 78.1±4.0
10 −41.2±0.4 −26.3±12.1 0.407±0.005 81.8±2.5
20 −42.1±1.7 ∼ 0 0.122±0.001 94.5±0.4
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Figure 4.10: Plot of the CNT A-CMNC fill factor (Ff ill) as a function of the average inter-
CNT spacing (see Chapter 5 for more details). The plot shows that Ff ill decreases in an
approximately linear fashion until an inter-CNT spacing value of ∼ 18 nm, after which the
decrease changes to approximately exponential in nature.
forests (∼ 10.3 nm [34]), and the fact that there are likely more ’pinch’ points, where the
resin cannot penetrate any further, as the average inter-CNT spacing decreases. Next, us-
ing Equation 4.14 and the determined ∆Mp and ∆Vp values (see Table 4.2), the apparent
porosity of the PyC matrix of the CNT A-CMNCs was evaluated, leading to the follow-
ing values: ' 61.0± 5.1% for 1 vol. % CNTs; ' 78.1± 4.0% for 5 vol. % CNTs;
' 81.8± 2.5% for 10 vol. % CNTs; ' 94.5± 0.4% for 20 vol. % CNTs. These are
all higher than the apparent porosity of the PyC baselines (' 58.5± 2.5%). Also, while
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close to ρ theoreticalPyC predicted by Equation 4.8 (∼ 1.1 g/cm3), the apparent density of the
PyC baselines (∼ 0.93±0.06 g/cm3) is lower by a factor of ∼ 10−20%, which indicates
that there are likely both stacking faults and vacancies in the graphitic crystallites that com-
pose the baseline PyC matrix. These vacancies and stacking faults may be magnified in the
CNT A-CMNCs. Future work should include a thorough x-ray scattering study to quantify
the effects of both vacancies and stacking faults on the density of the PyC matrix. Also,
since these apparent densities are < 1.8 g/cm3, around the upper bound apparent density of
ex-PAN CFs (ex-PAN CFs typically have a density of 1.6∼ 1.8 g/cm3) [158], multiple phe-
nolic infusions and pyrolyzations will be necessary to manufacture A-CMNCs with low
porosity PyC matrices. Examining the results presented in this Subsection leads to two pri-
mary questions: what is the minimum attainable porosity of the CNT A-CMNCs, and how
many re-infusions and pyrolyzations are required to achieve such a result. To answer these
questions, the results of the re-infusion model, presented in the following Section (4.3.2.2),
are used to predict the apparent density, and therefore porosity, of CNT A-CMNCs after ni
infusions.
4.2.3.2 Extension to Multiple Phenolic Infusions
The re-infusion results, summarized in Table 4.3, indicate that while an increase of apparent
density through re-infusion with a diluted phenolic resin is feasible, it may not be the most
practical way to attain very low PyC matrix porosities. As shown in Table 4.3, ∆Mexpp,2
is much lower than ∆Mexpp,1 , and the following relationship between ∆M
exp
p,1 and ∆M
exp
p,2 is
Table 4.3: Experimentally determined apparent densities, and the calculated mass due to
pyrolysis, apparent densities of the PyC matrices, and estimated porosities of re-infiltrated
CNT A-CMNCs
vol. % CNTs ρexpCMNC,2 (g/cm
3) ∆Mexpp,2 (%) ρ
apparent
PyC,2 (g/cm
3) φapparentPyC,2 (%)
1 1.015±0.110 −13.0±3.0 1.003±0.111 54.8±4.4
5 0.779±0.067 −8.3±1.9 0.708±0.073 68.4±3.3
10 0.808±0.092 −12.8±2.4 0.669±0.107 70.1±4.8
20 0.819±0.011 −13.0±2.7 0.378±0.017 83.1±0.7
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proposed:
∆Mexpp,2 =−FdilutFin f (1+∆Mexpp,1 ) (4.16)
Where Fin f is defined as the infusion factor, which takes into account the fraction of pores
that are actually infused by the diluted phenolic resin. Solving Equation 4.16 for Fin f
yields Fin f ∼ 40% for all CNT volume fractions, illustrating that not all of the pores were
infiltrated using this method. To evaluate the maximum attainable apparent density, and
the number of infusions necessary to achieve it, these results were plugged into the re-
infusion model with ψ f ∼ 0.5. This value of ψ f physically translates into the follow-
ing: at ni ≥ 3 about half the pores becomes inaccessible after each successive re-infusion.
See Figures 4.11 and 4.12 for plots of the model generated results for CNT A-CMNCs.
As illustrated in Figure 4.11, the density of the CNT A-CMNCs level out at the follow-
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Figure 4.11: Plot of the model predicted CNT A-CMNC density, ρCMNC,ni at a varying
number of infusions (ni) with phenolic resin. The plot illustrate that the maximum at-
tainable density for the 1 vol. % CNT A-CMNCs is ' 1.14 g/cm3 (at ni > 10), and
∼ 0.86−0.89g/cm3 for the densified CNT A-CMNCs (at ni > 10).
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Figure 4.12: Plot of the model predicted porosity of the PyC matrix, φPyC,ni , for CNT
A-CMNCs at a varying number of infusions (ni) with phenolic resin. The plot illustrate
that the minimum attainable porosity of the PyC matrix in CNT A-CMNCs ranges from
' 49.7% (for 1 vol. % CNTs) to ' 70.5% (for 20 vol. % CNTs) at (ni & 10).
ing values (ni ≥ 10): ρCMNC,ni ' 1.14 g/cm3 (→ φPyC,ni ' 49.8%) for 1 vol. % CNTs;
ρCMNC,ni ' 0.86 g/cm3 (→ φPyC,ni ' 64.4%) for 5 vol. % CNTs; ρCMNC,ni ' 0.89 g/cm3
(→ φPyC,ni ' 65.4%) for 10 vol. % CNTs; ρCMNC,ni ' 0.87 g/cm3 (→ φPyC,ni ' 70.5%) for
20 vol. % CNTs . This means that, using wet infusion with a diluted phenolic resin, it is
highly unlikely that CNT A-CMNCs with less than 40% porosity can be synthesized. Also,
as shown in Figure 4.12 the model predicts diminishing returns after ni= 4, where the CNT
A-CMNCs have the following apparent densities: ' 1.11 g/cm3 (→ φPyC,ni ' 50.7%) for
1 vol. % CNTs; ' 0.84 g/cm3 (→ φPyC,ni ' 65.3%) for 5 vol. % CNTs; ' 0.87 g/cm3
(→ φPyC,ni ' 66.4%) for 10 vol. % CNTs; ' 0.85 g/cm3 (→ φPyC,ni ' 71.6%) for 20 vol.
% CNTs. As the re-infusion model results illustrate, in order to synthesize A-CMNCs
with porosities on the order of . 20%, the use of a gas phase infusion method, such as
CVI [147–149], would most likely be necessary. Another method that could yield very low
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porosity A-CMNCs is the use of successive infusions with diluted phenolic resins, which
would form approximately conformal coatings of polymer, and subsequently PyC, on the
CNTs. However, a drawback of such a synthesis method is requirement of critical point
drying (CPD) [22,102] to dry the samples before pyrolyzation, which is very difficult to scale
and highly impractical for processing on an industrial scale. Future work should explore
both methods, and determine which yields the CNT A-CMNCs with minimal porosities,
and the optimal combination of physical properties.
4.3 Conclusions and Recommendations for Future Work
This Chapter presented the CNT A-CMNC fabrication methods, and the background (both
experimental and theoretical) necessary to enable the quantification of their density and
porosity. The experimental results illustrate that the presence of the CNTs causes the den-
sity of the A-CMNCs matrix to decrease from ' 0.930 g/cm3 (average value) for the pure
PyC to ' 0.888 g/cm3 (average value) for the 1 vol. % CNT A-CMNCs, ' 0.652 g/cm3
(average value) for the 5 vol. % CNT A-CMNCs, ' 0.633 g/cm3 (average value) for the
10 vol. % CNT A-CMNCs, and ' 0.648 g/cm3 (average value) for the 20 vol. % CNT A-
CMNCs. Also, when estimating the porosity of the PyC matrix, the porosities of the CNT
A-CMNCs were estimated to be ' 61.0% (average value) for 1 vol. % CNT A-CMNCs,
' 78.1% (average value) for 5 vol. % CNT A-CMNCs, ' 81.8% (average value) for 10
vol. % CNT A-CMNCs, and ' 94.5% (average value) for 20 vol. % CNT A-CMNCs.
These values are all higher than the ' 58.5% (average value) porosity value estimated
for the pure PyC baselines. These reductions in apparent density, and increases in esti-
mated porosity, are attributed to the difficulty of completely infusing the CNT forest with
the phenolic resin, which has a radius of gyration on the order of the inter-CNT spacing
(∼ 5−10 nm) for densified CNT A-CMNCs (see Chapter 5). The observed apparent den-
sity values for all the pyrolyzed samples are lower than the predicted PyC density for a neat
phenolic resin undergoing pyrolysis at 750◦C (' 1.1 g/cm3). This deviation is attributed
to both vacancies in the graphene sheets that make up the graphitic crystallites of the PyC,
and crystallite stacking faults, which may be magnified in the presence of CNTs. Future
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work should include a thorough study of the structure of the PyC matrix, via wide angle x-
ray scattering (WAXS) and Raman spectroscopy (see Chapter 5), to quantify the impact of
crystallite stacking faults and vacancies. Re-infusion experimental results illustrate that the
pores of the PyC in the CNT A-CMNCs can be filled via a diluted phenolic resin, yielding
new apparent densities of' 1.015 g/cm3 (average value) for the 1 vol. % CNT A-CMNCs,
' 0.779 g/cm3 (average value) for the 5 vol. % CNT A-CMNCs, ' 0.808 g/cm3 (average
value) for the 10 vol. % CNT A-CMNCs, and ' 0.819 g/cm3 (average value) for the 20
vol. % CNT A-CMNCs after the second phenolic infusion. However, since the fill factor
of this second infusion was estimated to be only∼ 40%, and since filling some of the pores
will likely be impossible with further phenolic infusion, the model predicts that the maxi-
mum attainable densities will be reached after ∼ 10 infusions, and will have the following
values: ' 1.14 g/cm3 (porosity ' 49.8%) for 1 vol. % CNT A-CMNCs; ' 0.86 g/cm3
(porosity' 64.4%) for 5 vol. % CNT A-CMNCs;' 0.89 g/cm3 (porosity' 65.4%) for 10
vol. % CNT A-CMNCs; ' 0.87 g/cm3 (porosity' 70.5%) for 20 vol. % CNT A-CMNCs.
Also, the model predicts diminishing returns after the fourth infusion, where the CNT A-
CMNCs have the following apparent density values: ' 1.11 g/cm3 (porosity ' 50.7%) for
1 vol. % CNT A-CMNCs;' 0.84 g/cm3 (porosity' 65.3%) for 5 vol. % CNT A-CMNCs;
' 0.87 g/cm3 (porosity ' 66.4%) for 10 vol. % CNT A-CMNCs; ' 0.85 g/cm3 (porosity
' 71.6%) for 20 vol. % CNT A-CMNCs. These modeling results highlight that the contin-
ued infusion with a diluted phenolic resin will likely never attain a porosity that is < 20%,
meaning that future work should consists of exploring gas phase infusion methods, such as
CVI, and the possible use of CPD to assemble the PyC matrix from multiple infusions of
thin conformal films of polymer. Finally, since the phenolic resin used in this thesis forms a
graphitizing PyC, future work should explore the use of higher pyrolyzation temperatures,
and establish the optimal compromise between the graphitic character of the PyC matrix,
and the quality of the CNTs, which should decrease as the pyrolyzation temperature is in-
creased. In the next Chapter, the morphology characterization techniques, along with the
theory developed to quantify the CNT A-CMNC morphology, are presented.
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Chapter 5
Morphology Characterization and
Modeling
To predict how the presence of aligned CNTs will affect the physical properties of advanced
material architectures, the morphology of CNT arrays must first be analyzed. While there
are many ways to quantify the morphology of CNT arrays, this Chapter presents three
commonly available characterization methods that can be used to gain a quantitative under-
standing of how the processing parameters affect the morphology of the CNTs in the CNT
A-CMNCs, and NW arrays in general. Using this knowledge, the A-CMNC processing
parameters can be better evaluated, allowing the future fabrication of CNT A-CMNCs with
tailored CNT morphology, and enhanced physical properties.
This Chapter presents the theoretical and experimental background necessary to quanti-
fying the morphology of NWs, with a focus on CNTs, that includes the NW outer diameter,
average NW inter-wire spacing and two dimensional coordination number, and NW disper-
sion modes which are commonly used to assess bonding character.
5.1 NW Morphology Quantification Techniques
As briefly mentioned above, this Chapter presents studies that are focused on three morpho-
logical parameters: the NW outer diameter; the NW average coordination and inter-wire
spacing; and the NW bonding character (used to assess NW quality). In this Section, the
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measurements used to quantify each morphological parameter are introduced, and their un-
derlying theories are outlined. Additionally, previous efforts to model the morphology of
NW arrays using these method are presented, and their applicability to CNT forests and
CNT A-CMNCs is discussed.
The most common and widespread method of quantifying the outer diameter of nanopar-
ticles (NPs) is HRTEM. However, because HRTEM requires the sample to be sliced into
very thin pieces and necessitates many measurements to achieve a representative result,
the use of HRTEM to quantify the NP outer diameter is both highly destructive and ineffi-
cient. Therefore, there is a need for a non-destructive method that can yield representative
data from only a few measurements. The use of the specific surface area (SSA), evaluated
using the BET surface area measurement, along with the NP geometry for estimating the
mean particle diameter is a promising alternative to the HRTEM particle size analysis. The
BET surface area measurement is based on the theory published by Brunauer, Emmett,
and Teller, which extends the Langmuir theory of monolayer molecular adsorption [172] to
multilayer gas adsorption on the surface of a solid [173]. Using the monolayer adsorbed gas
quantity, the adsorption cross section, molar volume of the gas, Avogadro’s number, and
the mass of the solid, the BET theory can be used to evaluate the SSA of the solid [173,174].
The monolayer adsorbed gas quantity, which is the primary parameter evaluated during
the BET surface area analysis, is calculated from the slope and intercept of the plot of the
adsorption isotherm and the ratio of the equilibrium and saturation pressures at the adsorp-
tion temperature [173,174] (usually ∼77K, the boiling point of liquid nitrogen). This plot
is commonly known as the BET plot. The BET method was used to evaluate the SSA
of porous materials in a variety of studies [175–181], and a few of the method’s limitations
were identified [177–179,182]. The assumptions of the BET theory are commonly believed to
break down when a material has pores smaller than 2 nm (known as micropores), espe-
cially when the pores are smaller than 0.7 nm (known as ultra-micropores) [175,176,179,182].
This has to do with the difference between the accessible surface, which leads to the ac-
cessible surface area, and the reentrant surface (also known as Connolly surface), which
always yields a larger surface area than the accessible surface area [175]. See Figure 5.1
for an illustration of the difference between the accessible and Connolly surfaces, based
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Figure 5.1: Illustration of the difference between the accessible and Connolly (reentrant)
surfaces, based on the sketch presented by Gelb and Gubbins[172].
on the sketch presented by Gelb and Gubbins [175]. However, a few studies show that even
for ultra-micropores, the BET method can still be applicable and could be used to generate
representative results [177,178]. Moreover, this limitation of the BET method should not be
applicable to MWCNTs, or NWs in general, since there should be a very small amount of
micropores and ultra-micropores present in the walls of the NWs, which are attributed to
vacancies. Therefore, the gas adsorption to the walls of the NWs should be largely pla-
nar in the radial direction, meaning that the surface area (and SSA) attained from the BET
method should be very close to the real surface area of the NWs. Using the SSA attained
from the BET method, and the geometry of our CNTs (see Section 5.2.1 for derivation),
the outer diameter of the CNTs can be determined non-destructively and efficiently. Next,
the outer diameter of the CNTs can be used to study another very important parameter, the
average inter-CNT spacing.
Due to the strong influence of NW proximity effects on the physical properties of
macroscopic structures composed of aligned NW, the inter-wire spacing, a function of
the NW coordination number, is very important. But in most cases, the NW coordina-
tion number is either assumed [29,141] or neglected [20,29] altogether. This stems from the
lack of an accessible theoretical model that can quantify the average spacing of NWs with
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Figure 5.2: Picture illustrating the origin of the two dimensional coordination number in a
millimeter length scale system, as presented by Quickenden and Tan[181].
a diameter in the single nanometer length scale, where the minimum allowable spacing
is on the order of a few angstroms. In principle, existing models for random packing of
circles in a plane for millimeter length scale systems [183–185] can be extended to the nano
scale, assuming that the NWs are collimated (i.e. not wavy). This allows the extraction
of the average inter-wire spacing through the definition of two dimensional NW lattices,
and the subsequent calculation of the average two dimensional NW nearest neighbor co-
ordination number. See Figure 5.2 for an illustration of the two dimensional coordination
number in a millimeter length scale system, as presented by Quickenden and Tan [184].
Here we report a method for extracting the average coordination number and inter-wire
spacing of NWs in aligned NW arrays of varying volume fraction (see Section 5.2.1). The
development of a continuous model for the average inter-wire spacing of NWs in a NW
array was possible through the application of the theoretical model to exemplary systems
of NWs, which included CNTs, and CNFs. As previously mentioned, CNTs have inter-
esting intrinsic mechanical [10–12] and transport [13–18] properties, and their use in macro-
scopic materials is well-documented [20,27–29,29,30,119,130,141–144], thereby making vertically
aligned CNT arrays (forests) ideal for acting as the reference system for the continuous
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coordination model. Arrays of bamboo-like vertically aligned CNFs are studied to demon-
strate how the model can be applied to predict the average spacing of virtually any aligned
NW system, using well-documented measures of morphology [186–190], and to compare the
results to a previously reported average inter-fiber spacing study [190]. Also, since NW ar-
rays are inherently wavy, the effect of NW waviness on the predicted average inter-wire
spacing is discussed, and a method for waviness correction is presented (see Section 5.3.3).
By applying this continuous coordination model to NW systems, more precise morphol-
ogy quantification of NW arrays is possible, which could lead to better material property
prediction for CNT A-CMNCs, and A-CMNCs composed of a variety of different NWs.
However, in order to tailor CNT A-CMNCs via structure-property relations, the quality of
the CNTs must first be evaluated.
A method that has a very long history of enabling the study of the structure and bond-
ing of graphitic NWs is Raman spectroscopy [191]. Raman spectroscopy uses the inelas-
tic scattering of monochromatic light to study the vibrational, rotational, and other low-
frequency resonant modes in a system. When the incident light beam hits the sample, there
are two possibilities. The first possibility is that the photons will elastically scatter, known
as Rayleigh Scattering. Rayleigh Scattering accounts for the vast majority (& 99.99%) of
the photon scattering during Raman spectroscopy. Since the remaining signal (. 0.01%)
contains the important sample information, Rayleigh scattering must be filtered out by the
instrument. If Rayleigh scattering does not occur, the photons will scatter inelastically,
whereby they are first absorbed by the NWs, and then re-emitted at a lower energy. This
leads to the emission of a phonon (mechanical lattice vibration) that accounts for energy
lost by the photon. Since the re-emitted photons have lower energies than the incident pho-
tons, the inelastically scattered light also has a higher wavelength, and this difference is
quantified by the Raman Shift [192]. For carbon based NWs, the most important peaks in
the Raman spectrum are the peaks of the G and D bands. In carbon based structures, such
as CNTs and graphene, the D band is representative of the sp3 hybridized carbon signal,
composed of only σ (single) bonds, and the G band is representative of sp2 hybridized car-
bon signal, composed of both σ and pi (double) bonds. Since double bonds are stronger,
when the incident light interacts with the sp2 hybridized carbon, it is able to absorb more
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Figure 5.3: Raman spectrum of SWCNTs. The inset focuses on the radial breathing mode
(RBM) of the SWCNTs.
energy than the sp3 hybridized carbon. This is why the peak of the G band occurs at a larger
Raman Shift value than the peak of the D band [193]. See Figure 5.3 for a plot of a represen-
tative Raman spectrum for SWCNTs. This spectrum has an additional peak characteristic
of SWCNTs, the radial breathing mode (RBM) (see the inset in Figure 5.3). The RBM is
a result of vibrations that propagate radially within the SWCNT, which cause the tube to
appear as if it were breathing. This peak occurs within the range of 100 cm−1 to 300 cm−1.
It can also be used to determine the diameter of the SWCNTs [194], where higher RBM fre-
quencies correspond to a smaller SWCNT diameters. Since our CNT forests are composed
of MWCNTs, the RBM is less significant, but can be used to evaluate the inner diam-
eter of the MWCNTs [195–200] provided the inner diameter is small (< 2 nm) [195,196,199].
Therefore, the evaluation of MWCNT inner diameters that are > 2 nm requires a HRTEM
analysis. The next peak occurs around ∼ 1350 cm−1. This is known as the D peak, since
it corresponds to defects (sp3 bonds) within the CNTs [192,198,201]. The next peak is known
as the G peak, and occurs at ∼ 1580 cm−1. The G peak corresponds to the graphitic sp2
bonds within the CNTs [201,202]. There is an additional peak with a high Raman shift value
referred to as the 2D peak, which is characteristic of graphene. However, since the 2D
peak is not very useful for studying CNTs, it is not included in our Raman spectroscopy
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analysis. Since our CNT A-CMNCs are composed of MWCNTs, our Raman spectra will
focus on the G and D peaks. By comparing the integrated intensities of the G and D bands
(IG and ID), referred to as the sample’s IG/ID ratio, the quality of the CNTs can be quanti-
fied [191]. Using the IG/ID ratio, a previous study has shown that it is possible to distinguish
different defects from one another [203], but such an in-depth study is considered outside of
the scope of this thesis. For high-quality SWCNTs, a relatively high IG/ID ratio (> 1) is
expected. However, the more walls a CNT has, the lower the IG/ID ratio is expected to be,
since more walls will have more defects. Also, since the D-band usually reflects broken
symmetry, MWCNTs might also have some additional inter-wall interactions which could
enhance the measured D-band intensity. This means that for our MWCNTs, a IG/ID ratio
that is< 1 is acceptable, since we are more interested in the evolution of the IG/ID ratio as a
function of the CNT A-CMNC processing parameters. Using this characterization method,
a better understanding of how the processing parameters affect the quality of our CNTs can
be developed.
This Section introduced the three characterization techniques used to study the mor-
phology of the CNTs in our A-CMNCs. In the remainder of this Chapter, the experimental
and theoretical work done to quantify the morphology of the CNTs in both forest and A-
CMNC form, and their determined CNT outer diameters, average inter-CNT spacing, and
IG/ID ratios are presented and discussed.
5.2 Morphology Characterization and Modeling
In this Section, the theory, experimental details, and results of the morphology study are
presented. Subsection 5.2.1 contains the derivation of coordination number and SSA mod-
els. Subsection 5.2.2 outlines the experimental methods. Subsection 5.2.3 presents the
experimental and model results. These results are used to analyze the morphology of the
synthesized CNT forests and CNT A-CMNCs, and to recommend future paths of study that
will enable better modeling, and material property prediction of CNT A-CMNCs.
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5.2.1 SSA and Coordination Number Model Development
In this Subsection, the derivation of the SSA and coordination number models are pre-
sented. The relations outlined within this Subsection are used to analyze and better under-
stand the observed CNT forest and CNT A-CMNC morphology.
5.2.1.1 Specific Surface Area Model to Non-destructively Quantify the Outer Diam-
eter of Hollow NWs in Aligned NW Arrays
In order to model the specific surface area of a NW, the definition of SSA, Ξ, must first be
examined:
Ξ=
Surface Area
Mass
=
Surface Area
Density×Volume
For a NW of arbitrary length (LNW ), diameter (D), and density (ρNW ) the following
equation for the NW SSA, ΞNW,s, can be written:
ΞNW,s =
piLD
pi
4LρNWD2
=
(
4
ρNWD
)
(5.1)
This equation will be valid for any NW that has either a solid, or inaccessible, core. For
hollow NWs which have an accessible core, such as free-standing MWCNTs (delamination
can make the CNT core accessible), Equation 5.1 needs to be modified to account for the
additional surface area, leading to the following form of Ξ for hollow NWs, ΞNW,h, of
arbitrary inner (Di) and outer (Do) diameters, and ρNW (see Figure 5.4 for an illustration of
the cross-section of a hollow NW):
ΞNW,h =
4
ρNW
(
Do+Di
D2o−D2i
)
=
4
ρNW
(
1
Do−Di
)
(5.2)
To determine the average Do for an array of hollow NWs from experimental data, Equa-
tion 5.2 needs to be solved for Do, yielding the following relation:
Do =
4
ρNWΞNW,h
+Di (5.3)
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Dry Wet
Figure 5.4: Illustration of the cross-section of a dry (a) and wet (b) hollow NW showing
the inner (Di) and outer (Do) NW diameters, and the thickness of the wetting species (∆D).
It is very important to note that Equations 5.1−5.3 are only valid for dry NWs of neg-
ligible surface roughness. To predict the effective outer diameter of wet hollow NWs, the
change in Di and Do, ∆D (see Figure 5.4 for an illustration of the cross-section of a wet
hollow NW), and the non-dimensional ratio of the densities of the adsorbed species (as-
sumed to be water), ρw, and ρNW , defined as ρ?, need to be considered. Assuming that the
wetting species uniformly wets both the inner and outer regions (→ ∆D is uniform and has
the same value for both Di and Do), the following relation can be written for ΞNW,h for wet
NWs, defined as ΞwNW,h:
ΞwNW,h =
4
ρe f f
(
Do+Di
D2o−D2i +2∆D(Do+Di)
)
=
4
ρe f f
(
1
Do−Di+2∆D
) (5.4)
Where ρe f f is the effective density of the wet hollow NW. See Figure 5.4 for an illustration
of the geometry. Solving for ρe f f leads to the following equation:
ρe f f = ρNW
(
D2o−D2i +2∆Dρ?(Do+Di)
D2o−D2i +2∆D(Do+Di)
)
= ρNW
(
Do−Di+2∆Dρ?
Do−Di+2∆D
) (5.5)
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Next, by combining Equations 5.4 and 5.5, the following relation for ∆D can be ob-
tained:
∆D=
1
2ρ?
(
4
ρNWΞNW,h−Do+Di
)
=
1
ρ?ρNW
(
2
ρNWΞwNW,h
− 2
ρNWΞNW,h
) (5.6)
Since the wet outer diameter, Dwo , is simply D
w
o = Do+∆D, Equation 5.6 can be used
to write the following relation for Dwo :
Dwo =
4
ρNWΞNW,h
+Di+∆D= Di+
2
ρ?ρNW
(
1
ΞwNW,h
− 2ρ
?−1
ΞNW,h
)
(5.7)
To predict the surface area for wet hollow NWs, Equation 5.7 can be re-arranged to
solve for ΞwNW,h, yielding the following:
ΞwNW,h =
ρ?ρNW
2
(Dwo −Di)+
2ρ?−1
ΞNW,h
(5.8)
This analysis can be replicated for wet solid NWs, but since our CNTs are hollow,
it will not be included in this thesis. As Equations 5.3 and 5.7 demonstrate, in order to
estimate the wet and dry outer diameters of hollow NWs in real aligned NW arrays, the
dry SSA (ΞNW,h from Equation 5.2) must be determined first. Next, the intrinsic density
of the individual NWs must be determined, either empirically, or using an analysis similar
to that of Section 4.2. Once the dry SSA and intrinsic NW densities are known, the dry
NW outer diameter (Do) can be determined, and used to predict the wet SSA and NW outer
diameters (ΞwNW,h and D
w
o from Equations 5.7 and 5.8). Using the relation derived in this
Subsection, the SSA of an array of both hollow and solid NWs, which can be determined
non-destructively, can be used to estimate their outer diameter without damaging any part
of the sample. This would not be true if the highly destructive HRTEM analysis, which is
commonly used to estimate the NW outer diameter, was used instead.
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5.2.1.2 Coordination Number Model to Quantify the Average Packing Morphology
of Aligned NW Arrays
To assess the nearest coordination of the underlying nanowires, the following unit cells as a
function of the two dimensional NW coordination number (N) are defined (see Figure 5.5
for their illustration): triangular (N = 3), square (N = 4), pentagonal (N = 5), and hexago-
nal (N = 6). Since the triangular coordination corresponds to hexagonal coordination with
missing nanowires (vacancies), to avoid the accidental definition of hexagonal coordina-
tion, the triangular coordination must be limited to a scarce number of unit cells, and is
therefore only justified at low NW volume fractions.
Using these coordinations, the underlying triangles that make up each unit cell in Fig-
ure 5.5 can be defined (see Figure 5.6 for details). These constitutive triangles are important
because they can be packed to form both complete and incomplete (interpenetrating) arrays
of different unit cells, while still remaining within the theoretical framework defined in this
thesis. This is a more realistic approximation of amorphous materials than simply tiling
the full unit cells presented in Figure 5.5. Also, using these constitutive triangles, the max-
imum volume fraction for each lattice can be calculated. The NW volume fraction (Vf ) and
theoretical maximum volume fraction (Vmaxf ) for each coordination can be calculated using
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Figure 5.5: Unit cells of the four different coordinations used to model the morphology of
NW arrays comprised of NWs of diameter D. The unit cell inter-wire spacing, SN , and the
lattice constant inter-wire spacing, LN , are both indicated.
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Figure 5.6: Illustration of component triangles for each coordination at the maximum the-
oretical volume fractions (wire walls are touching). Since the unit cell inter-wire spacing,
SN , is zero in this case, PN , is equal to the wire diameter, D, in all coordinations.
the following equations:
Vf , N(D,PN) =
piD2
8A4, N(PN)
(5.9)
Vmaxf , N(D= PN) =
piP2N
8A4, N(PN)
(5.10)
Where A4 is the area of the triangle, D is the diameter of the NWs (the distinction be-
tween hollow and solid is not important for this specific model), PN is the diagonal of the
constitutive triangles that has the following value: PN = D+ SN where SN is the unit cell
inter-wire spacing. See Table 5.1 for the expanded forms of A4, N(PN), and Vf , N(D,PN)
for each coordination. SN , and the lattice constant spacing, defined as LN , are also shown
in Figure 5.5.
Table 5.1: Constitutive Triangle areas, and volume fractions for all coordinations
N A4, N(PN) Vf , N(D,PN)
3
√
3
4 P
2
N
√
3pi
6
(
D
PN
)2
4 14P
2
N
pi
4
(
D
PN
)2
5 cos
(3pi
10
)
sin
(3pi
10
)
P2N
pi
8cos( 3pi10 )sin(
3pi
10 )
(
D
PN
)2
6
√
3
4 P
2
N
√
3pi
6
(
D
PN
)2
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Table 5.2: Lattice constant, Chi parameter, and average inter-wire spacing for all coordina-
tions.
N aN(D,Vf ) χN ΓN(D,Vf )
3
√
3D
(√
Vmaxf ,3
V f
)
√
3 D
((√
3+1
2
)(√Vmaxf ,3
V f
)
−1
)
4
√
2D
(√
Vmaxf ,4
V f
)
√
2 D
((√
2+1
2
)(√Vmaxf ,4
V f
)
−1
)
5 2cos
(3pi
10
)
D
(√
Vmaxf ,3
V f
)
2cos
(3pi
10
)
D
((
2cos( 3pi10 )+1
2
)(√
Vmaxf ,3
V f
)
−1
)
6 D
(√
Vmaxf ,6
V f
)
1 D
(√
Vmaxf ,6
V f
−1
)
Next the inter-wire spacing, SN is calculated for each coordination. To do so, Equa-
tion 5.9 is solved for SN , and the result is substituted into Equation 5.10 yielding the fol-
lowing equation for SN :
SN = D
(√
Vmaxf , N
Vf
−1
)
(5.11)
The LN must also be considered before the average inter-wire spacing for each coordi-
nation can be derived. Using the characteristic triangles for each coordination, shown in
Figure 5.6, lattice constants, defined as aN , for each coordination can be calculated as a
function of D taking the following form:
aN(D,Vf ) = χND
(√
Vmaxf , N
Vf
)
(5.12)
Where χN is the deviation factor from the hexagonal lattice constant that has the fol-
lowing values:
χN =
1 N = 6> 1 3≤ N < 6
aN(D,Vf ) and χN for each coordination are shown in Table 5.2.
Next, LN is calculated, and takes the following form:
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LN(D,Vf ) = D
(
χN
(√
Vmaxf , N
Vf
)
−1
)
(5.13)
Defining the average inter-wire spacing,ΓN , as the average SN and LN yields:
ΓN(D,Vf ) = D
((
χN+1
2
)(√Vmaxf , N
Vf
)
−1
)
(5.14)
The full form of ΓN(D,Vf ) for each coordination is shown in Table 5.2.
One of the purposes of this model is to quantify a NW array’s deviation from that of
an ideally (hexagonally) packed NW array. To illustrate this deviation, all average spac-
ing equations are re-written as a function of the theoretical maximum volume fraction for
hexagonal close packing in two dimensions, Vmaxf ,6 = 90.69%. V
max
f ,6 should not be confused
with the maximum volume fraction for hexagonal close packing of monodisperse spheres
in three dimensions, Vmaxf ,6 (spheres) =
pi√
18
≈ 74.05%, which was proven by C.F. Gauss
to have the highest packing density of any spherical lattice in three dimensions [204]. The
simplified ΓN functions take the general form of:
ΓN(D,Vf ) = D
(
δN
(√
0.9069
Vf
)
−1
)
(5.15)
Where δN is interpreted as a deviation factor from the ideal (hexagonal) NW packing that
has the following values:
δN =
1, N = 6> 1, 3≤ N < 6
The exact values of δN for each coordination can be found in Table 5.3.
To turn this series of discrete values into a continuous function of N, the values of δN
were plotted and fitted with a power function of the following form:
δN = a1(N)b1 + c1 (5.16)
Where the fitting coefficients are (R2 = 0.9999): a1 = 11.77, b1 =−3.042, c1 = 0.9496. A
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Table 5.3: Deviation factor for all coordinations
N δN(D,Vf )
3
(√
3+1
2
)
4
√√
3
2
(√
2+1
2
)
5
√ √
3
4cos( 3pi10 )sin(
3pi
10 )
(
2cos( 3pi10 )+1
2
)
6 1
plot of the values of δN and the fitting can be found in Figure 5.7, and the expanded form of
the average inter-wire spacing using Equation 5.16 can be found in Equation 5.17 below:
ΓN(D,Vf ) = D
(
(11.77(N)−3.042+0.9496)
√
0.9069
Vf
−1
)
(5.17)
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Figure 5.7: Plot of the deviation factor from hexagonal packing, δN , as a function of
nanowire coordination number, N, using the functional form given in Equation 5.16.
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By using Equation 5.17, a continuous coordination number as a function of ΓN ,Vf , and
D can be defined:
N(D,ΓN ,Vf ) =
 ΓND +1
11.77
√
0.9069
V f
− 0.9496
11.77
− 13.042 (5.18)
Using this equation for the coordination number, experimentally determined values for
ΓN , D, and Vf can be used to calculate a relationship between the N and the Vf , thereby
allowing the definition of an equation for ΓN that is only a function of Vf and D, both of
which are relatively simple to determine experimentally.
To apply this model to real aligned NW arrays, the physically limited minimum inter-
wire spacing must be considered. For Carbon NWs (such as CNTs and CNFs), graphitic
spacing of ' 0.34 nm [141,166] can be used as the real lower bound on the spacing, SLB, in
the NW array. By using D, the real upper bound of the volume fraction (VUBf ) for each
coordination can be evaluated. Using hexagonal coordination (N = 6 from Equation 5.10),
VUBf for any aligned NW system can be calculated as follows:
VUBf (D,S
LB) =
√
3pi
6
(
D
D+SLB
)2
(5.19)
The resulting VUBf value for the 8 nm diameter CNTs used in this thesis is 83.45 vol.
%. To apply this model to non-carbon based NW arrays, a different SLB would need to be
selected, resulting in differentVUBf values for NW arrays of the same diameter but different
composition.
5.2.2 Experimental
Here we describe the methodology used to experimentally characterize the morphology of
an exemplary system of NWs that consists of our ∼ 8 nm diameter aligned MWCNTs. See
Section 4.2 for a description of the CNT growth conditions.
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5.2.2.1 SEM Imaging Conditions and Image Analysis
To generate representative micrographs of the surface morphology of pure CNT forests,
CNT A-PNCs, and CNT A-CMNCs, SEM analysis was performed using a JEOL 6700 cold
field-emission gun scanning electron microscope. The samples were imaged using both
standard secondary electron imaging (SEI) and lower secondary electron imaging (LEI),
which is more sensitive to the secondary electrons generated from the top surface of the
samples. Pure CNT forests, used for the continuous coordination model analysis, were
imaged at an accelerating voltage ranging from 1.0 kV (1− 6 vol. % CNTs) to 1.5 kV
(10.6−20 vol. % CNTs) with a working distance of 3.0 mm. The pure CNT forests were
imaged in the middle of the sample cross-section to avoid the edge effects that result from
the delamination (on the bottom) and growth termination (on the top) of the CNT forests.
Both internal (fracture) surfaces and surfaces from the forest edges were imaged to yield
data representative of the entire sample. Composite samples were imaged at an accelerating
voltage ranging from 1.0 kV (CNT A-PNCs) to 3.0 kV (CNT A-CMNCs) and a working
distance ranging from 3.0 mm to 8.0 mm. A selection of the HRSEM micrographs used in
the pure CNT forest morphology study can be found in Figures 5.8 and 5.9.
To determine the average spacing of the CNTs in the as-grown forests, lines were drawn
perpendicular to the alignment of the CNTs in the HRSEM micrographs, and the number
of CNTs per unit of line length was approximated by using the following algorithms tai-
lored to forests of varying CNT volume fractions (see Figure 5.12): for 1.0 and 6.0 vol. %
forests, only the bright in-focus CNTs were counted as 1, and other CNTs were neglected;
for 10.6 and 20.0 vol. % forests, all individually distinguished CNTs were counted, and
bright bundles of CNTs were counted as 2 CNTs. While this methodology is less rigorous
than that found elsewhere [205,206] and could potentially lead to over or underestimation,
it is sufficient to demonstrate the use of the theoretical spacing model, and illustrates the
difficulty of using imaging to empirically determine the average spacing in such a system.
Also, because HRSEM images of the CNT forests are projections of a three dimensional
system onto a plane, a correction factor for the depth lost in the projection process is nec-
essary. To derive the correction factor, the escape depth of secondary electrons, defined as
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Figure 5.8: HRSEM micrographs of (a) 1.0 vol. % and (b) 6.0 vol. % CNT forests. The
waviness of the CNTs at these volume fractions is very distinct.
the depth above which no secondary electron can escape the material, must be considered.
Typical escape depths of secondary electrons are on the order of 1−10 nm, where 1 nm is
a reasonable order of magnitude for the escape depth of secondary electrons in conducting
materials [207]. To calculate the corrected average inter-CNT spacings (ΓN) and N, the av-
erage inter-CNT spacings calculated from the HRSEM images, ΓSEM, was corrected using
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necstlab SEI 1.5kV X25,000 WD 3.0mm 1µm
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necstlab SEI 1.5kV X25,000 WD 3.0mm 1µm
Figure 5.9: HRSEM micrographs of (a) 10.6 vol. % and (b) 20.0 vol. % CNT forests.
Unlike the lower volume fraction CNT forests (Figure 5.8), the waviness of the CNTs at
these volume fractions is less pronounced.
a 1 nm secondary electron escape depth, `SEe . The correction equation for ΓSEM has the
following form:
ΓN(D,Vf ) =
ΓSEMN
Cos
(
ArcTan
(
`SEe
ΓSEMN
)) (5.20)
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This correction factor is very small for ΓSEM  `SEe (→ ΓN ' ΓSEM), but becomes
significant for ΓSEM < 3`SEe (→ ΓN < 0.94ΓSEM).
5.2.2.2 BET Surface Area Measurement
The BET surface area measurement was done by first placing the CNT forests in a sam-
ple tube and cap (Micromeritics) and degassed using the degas ports on the Micromeritics
ASAP 2020 Physisorption Analyzer. The degas conditions consisted of two phases: Evac-
uation and Heating. The evacuation stage had the following parameters: temperature ramp
rate of 10◦C/min; target temperature of 50◦C; evacuation rate of 5 mmHg/s; unrestricted
evacuation from 5 mmHg; vacuum set point of 20 µmHg; Evacuation time of 60 min. The
heating phase used the following parameters: temperature ramp rate of 10◦C/min; hold
temperature of 300◦C; hold time of 240 min. Both degas phases had a hold pressure of
100 mmHg. After degas was complete, the sample tubes were backfilled with dry nitrogen
and moved to the analysis port on the Micromeritics ASAP 2020 Physisorption Analyzer.
The BET analysis was then performed using krypton. The SSA values obtained using the
BET surface area measurement are presented in Subsection 5.2.3.
5.2.2.3 Raman Spectroscopy
During Raman spectroscopy, samples were positioned in a Kaiser Optical Hololab 5000R
Raman Microscope such that the 785 nm (red) laser beam, when observed using the micro-
scope, appeared to be in focus on the top of the CNT forest, near its center. An objective
magnification of 50× was used during the experiments. The experiment time settings con-
sisted of two 30 second long accumulations. The laser power was set to 13 mW at the
source, resulting in a power of about 1.75 mW at the sample. Before the Raman spectra
were collected, the sample holder was carefully moved up and down to get to the appro-
priate working distance, by focusing the laser spot on the sample surface. Raman spectra
were collected from from several spots (spot size ∼ 10 µm) on each sample (both CNT
forests and CNT A-CMNCs) to ensure that the calculated IG/ID ratios were representative
(see Subsection 5.2.3).
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5.2.3 Results and Discussion
In this part of the Chapter, the experimental results are presented, and the models (from
Subsection 5.2.1) are used to analyze the CNT forest and CNT A-CMNC morphology for
varying CNT volume fractions. This Subsection consists of three main sets of results:
CNT outer diameter quantification (SSA model); average inter-CNT spacing (coordination
number model); CNT quality quantification (Raman spectroscopy). These results are used
to recommend the future work discussed in Section 5.3.
5.2.3.1 CNT Outer Diameter Quantification
As described in Chapter 4, our CNT forests are composed of a population of MWCNTs
that have a varying number of walls (nw), and therefore a range of values for their outer
diameters. Using Equation 5.2, the average CNT outer diameter (DCNT,o) is extremely
useful for predicting the average SSA for our CNTs, ΞCNT , and can be predicted by first
finding Ξ for each MWCNT as a function of nw, defined as ΞCNT,nw . Using the normalized
population of CNTs (pnw) from Chapter 4, the Ξ for the CNT forest can be evaluated.
See Figure 5.10 for a plot of ΞCNT,nw as a function of nw (3 ≤ nw ≤ 7) assuming that the
MWCNT inner diameter DCNT,i (' 5 nm) is a constant, and using the CNT intrinsic density,
ρCNT , computed from Equation 4.5 (from Chapter 4). As shown in Figure 5.10, ΞCNT,nw has
a very strong dependence on nw, meaning that ΞCNT will strongly depend on the normalized
population of each MWCNT. Using the normalized populations from Chapter 4 (p3≈ 0.04;
p4≈ 0.09; p5≈ 0.37; p6≈ 0.43; p7≈ 0.07) and ρCNT ' 1.7 g/cm3 for the average intrinsic
density of the MWCNTs in the forest, Equation 5.2 predicts that ΞCNT ' 784.3 m2/g for
our CNT forests. This ΞCNT value corresponds to a MWCNT outer diameter (DCNT,o) of
' 8 nm. To determine how close the average DCNT,o in our CNT forests is to the previously
reported 8 nm value [146,208], the experimentally determined SSA values for our CNTs,
ΞexpCNT , needs to be analyzed (see Table 5.4).
Table 5.4 shows that ΞexpCNT has the following values: ' 759.46±10.59 m2/g for 1 vol.
% CNT forests; ' 787.45±7.86 m2/g for 10 vol. % CNT forests; ' 783.37±5.88 m2/g
for 20 vol. % CNT forests. These results, as expected, indicate that the SSA of the CNT
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Figure 5.10: Plot of the theoretical SSA of each MWCNT
(
ΞCNT,nw
)
as a function of its
number of walls (nw) for 3 ≤ nw ≤ 7 using Equation 5.2. For this plot the MWCNT inner
diameter
(
DCNT,i ' 5 nm
)
is assumed to be constant, and the intrinsic MWCNT density
(ρCNT ) is computed using Equation 4.5.
Table 5.4: Measured SSA values for dry CNT forests for and the correspond CNT outer
diameter for all CNT volume fractions
Vf (vol. %) Ξ
exp
CNT (m
2/g) DexpCNT,o(nm)
1 759.46 ± 10.59 8.10 ± 0.04
10 787.45 ± 7.86 7.99 ± 0.03
20 783.37 ± 5.88 8.00 ± 0.02
forests does not vary with the CNT Vf , since there are no structural modifications to the
intrinsic CNTs during the mechanical densification step. Plugging in to Equation 5.3 yields
the following DexpCNT,o values: ' 8.10±0.04 nm for 1 vol. % CNT forests;' 7.99±0.03 nm
for 10 vol. % CNT forests; ' 8.00± 0.02 nm for 20 vol. % CNT forests. These results
illustrate that DexpCNT,o (' 8.03±0.03 nm when averaged over all CNT volume fractions) is
in very good agreement with the predicted DCNT,o (' 8 nm). It should be noted that while
it is possible that the 1 vol. % CNT forests did not remain completely dry during the BET
analysis (the 1 vol. % forests usually failed the secondary leak test designed to prevent the
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Figure 5.11: Plot of the wet CNT outer diameter
(
Dexp,wCNT,o
)
as a function of the experi-
mentally determined SSA of wet CNTs
(
Ξexp,wCNT
)
determined using Equation 5.7. As shown
by the plot, Dexp,wCNT,o can exceed 9.75 nm for wet CNTs, meaning that more than six layers
of water (a ∼ 1.8 nm thick coating) could be present on the wet CNT surface in ambient
conditions.
analysis of wet samples), their ΞexpCNT is nearly statistically equivalent to the others presented
in Table 5.4, and was considered dry enough for this analysis. Also, another indication of
how dry the 1 vol. % forests really were is their DexpCNT,o value, which indicated that less than
a monolayer of water (the van der Waals radius of water is ∼ 0.3 nm) was adsorbed to the
surface of the CNTs in the forest, assuming that DCNT,o ' 8.00 for completely dry CNTs.
This brings up a very important but usually overlooked point: CNTs have a significant
amount of water adsorbed to their surface in ambient conditions.
To elucidate how much water is adsorbed to the surface of CNTs when they are not
perfectly dry, the SSA data collected for wet CNTs, Ξexp,wCNT , was used to calculate the wet
CNT outer diameter, Dexp,wCNT,o, using Equation 5.7 (see Figure 5.11). As demonstrated by
Figure 5.11, wet CNTs have Dexp,wo that can exceed 9.75 nm, meaning that more than six
layers of water (∼ 1.8 nm thick coating) could be present on the wet CNT surface. Such an
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amount of water could very strongly affect the adhesion of polymers, especially hydropho-
bic ones, to the CNT surface during the fabrication of polymer matrix nanocomposites
(PNCs). These results illustrate that a more thorough exploration of the water adsorbed
to the surface of the CNTs during ambient conditions, and an evaluation of the accuracy
of the preliminary BET results (the monolayer gas adsorption approximation may not be a
good estimate), is necessary. Also, while Equations 5.7 and 5.8 could be easily extended to
yield predictions of the thickness of any coating species deposited on the CNTs, or any NW
for that matter, they would likely not yield very accurate predictions in their current form
since they neglect surface roughness effects. While surface roughness likely has a very
small contribution to the SSA of pristine as-grown CNTs (it was neglected for this model),
the surface roughness of coated CNTs is not negligible, and likely has a very strong ef-
fect on their SSA. Future work should include a detailed study of the surface roughness
of as-grown CNT forests, and CNT forests coated using a variety of polymers for various
thicknesses. Once the surface roughness of pristine and coated CNTs can be modeled, esti-
mation of their outer diameters could be achieved in a non-destructive manner, a capability
that is highly desirable for many applications.
5.2.3.2 Average Inter-CNT Spacing
Average inter-CNT spacing data for samples with CNT volume fractions ranging from 1.0
to 20.0 volume % were calculated from 25 HRSEM micrographs (see Figure 5.12 for a
worked example of how HRSEM micrographs were used to determine the average inter-
CNT spacing), and corrected for the loss of three dimensional depth information using
Equation 5.20. A plot of the average inter-CNT spacing can be found in Figure 5.13. At
1.0 vol. % CNTs, the value of ΓN is 79.47± 7.79 nm, resulting in a N value of 3.83,
illustrating that square packing would likely under predict the average inter-CNT spac-
ing at low CNT volume fractions. Samples with 6.0 vol. % CNT yielded a ΓN value of
26.95± 2.26 nm, which results in a N value of 4.00, thereby indicating that the coordina-
tion number of the CNT array increases as a function of CNT volume fraction, and that
square packing might be appropriate for CNT volume fractions around 5 volume %. With
ΓN and N values of 17.24±0.97 nm and 4.41, and 10.28±0.52 nm and 4.47, samples with
96
8 nm
CNT
Axis
necstlab SEI 1.5kV X25,000 WD 3.0mm 1µm
Figure 5.12: HRSEM micrograph for a 1.0 volume % CNT forest with lines drawn per-
pendicular to the CNT primary axis. The average inter-CNT spacing in the forest was then
determined by counting only the bright in-focus CNTs underneath each line.
Table 5.5: Measured and corrected average inter-CNT spacing, and coordination numbers
for all CNT volume fractions
Vf (vol. %) ΓSEMN (nm) ΓN(nm) N
1.0 79.58 ± 8.15 79.47 ± 7.79 3.83
6.0 26.89 ± 2.38 26.95 ± 2.26 4.00
10.6 17.15 ± 1.01 17.24 ± 0.97 4.41
20.0 10.23 ± 0.52 10.28 ± 0.52 4.47
CNT volume fractions of 10.6 and 20.0 vol. % continue to demonstrate that the two di-
mensional nanowire coordination number increases as a function of CNT volume fraction,
though not necessarily in a linear fashion, and that the assumption of constant coordination
is only approximate. ΓN , N, and the experimentally determined ΓSEMN values can be found
in Table 5.5.
In their paper, T.I. Quickenden and G.K. Tan reported that the coordination number
of a system of uniform millimeter length scale disks, defined as the number of disks that
made contact with a central disk, increased in an approximately linear fashion from a disk
packing fraction of 10 vol. % up to a packing fraction of 83 vol. % [184]. Beyond 83 vol.
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Figure 5.13: Average inter-CNT spacing vs. CNT volume fraction with error bars illus-
trating the standard deviations. The data point at 20.0 volume % is enlarged to clarify
the disagreement between the experimental data and the square packing model (δN = δ4).
The data takes a form similar to DCNT,o
(
δN
(√
0.9069
V f
)
−1
)
as predicted by the model
(Equation 5.15).
%, the coordination number of the system was observed to increase in a nonlinear fashion
until reaching, and plateauing, at a coordination number value of 6.0 [184]. SinceVUBf of the
CNTs in the array is 83.4 vol. % CNTs, the shape of the fit applied to the data should be
approximately linear from Vf = 10 vol. % CNTs up to Vf = 20 vol. % CNTs, and should
remain linear until a much higherVf . Since previously reported data atVf < 10 vol. % [184]
and experimental CNT data at Vf > 20 vol. % is not available, we propose extending the
linear fit in these regimes and using VUBf (83.4,6) as a data point, which will most likely
lead to significant errors at very high, and very low CNT volume fractions, where the data
may not be linear, but should yield a more realistic slope for the range of available data
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Figure 5.14: Coordination number as a function of CNT volume fraction. The increase in
coordination number is almost linear between 1.0 and 20.0 volume %, as previously shown
in a model developed for random packing of millimeter length scale disks in a plane by T.I.
Quickenden and G.K. Tan190.
(1.0 vol. %≤Vf ≤ 20 vol. %). The fitting equation takes the following form:
N(Vf ) = a2(Vf )+b2 (5.21)
Using this functional form, the data along with VUBf were fitted, and resulted in the fol-
lowing coefficients (R2 = 0.9761): a2 = 2.511, b2 = 3.932. See Figure 5.13 for a plot of the
empirical N data,VUBf , and the linear fitting function. By combining Equations 5.18−5.21,
the N dependence of ΓN can be removed, yielding the final form of the corrected average
inter-CNT spacing (Γ) for the CNT system:
Γ(DCNT,o,Vf ) = DCNT,o
(
ζ (Vf )
√
0.9069
Vf
−1
)
(5.22)
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↪→ ζ (Vf ) = 11.77(2.511(Vf )+3.932)−3.042+0.9496
Since experimental data for average inter-CNT spacing for the entire physical range of
CNT volume fraction (0−83 vol. %) was not available, the accuracy of Equation 5.22 for
volume fractions above 20.0 vol. % CNTs, and below 1.0 vol. % CNTs is not known.
To test the applicability of the model to other NW systems of varying wire diameters,
Equation 5.22 was applied to a system of CNFs [186–190] with an average fiber diameter of
182± 56 nm [190]. But before Equation 5.22 can be used to predict the average spacing
for the designated CNF array [190], the CNF volume fraction must be computed. Using the
given fiber density of 2.2 f ibers/µm2 and the given average fiber diameter of 182 nm [190],
the volume fraction is computed as 5.7 vol. % CNFs, which yields a predicted average
inter-CNF spacing of 625 nm. The reported (experimentally determined using HRSEM)
average inter-CNF spacing for the system was 590±200 nm [190], meaning that the model
over predicted the observed spacing by 5.9 %. Hexagonal and square packing predict an
average inter-fiber spacing of 543 nm (−8.0%) and 632 nm (7.1%) respectively, suggesting
that the continuous coordination model presented in this thesis outperforms both of these
common constant coordination models.
Using the evaluated CNF volume fraction, the reported average inter-CNF spacing, and
assuming that the data provided was corrected for the depth information lost during the
projection process (similar to Equation 5.20, N for the CNF system can be computed di-
rectly. The value of N for the reported CNF system, evaluated using Equation 5.18, is 4.57,
which exceeds the one calculated by Equation 5.22 (4.16). The most likely reason why
the predicted average inter-CNF spacing deviated from the one previously reported [190] is
that the model assumes the CNFs of the array are collimated (their waviness is negligible).
While the model could be better applied to aligned CNFs if average inter-CNF data was
available for a variety of CNF volume fractions, the waviness of the CNFs is not easy to
compensate for, and was intentionally not included in the theoretical derivation presented
in Section 5.2.1 since NW waviness is not well understood, and cannot be modeled in a way
that is universally applicable to all NW systems due to its strong dependence on synthesis
and processing parameters.
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Collimated Wavy
Figure 5.15: Illustration of packing for both collimated and wavy nanowires. Since the
model predicts average inter-wire spacings for collimated nanowires, where the nanowire
diameter, D, is equal to the effective nanowire diameter, De, the figure demonstrates that
the model generated predictions will overestimate the spacing in wavy nanowire systems,
where De > D, until a model that precisely quantifies the waviness of wavy nanowires is
developed.
To transform the modeled NWs from collimated to wavy NWs, a correction term of
the form Dψωω , where ω is defined as the waviness ratio (the ratio of the waviness am-
plitude and its wavelength) previously proposed for modeling wavy NW reinforcement in
a polymer matrix composite using a sinusoidal wave equation [31,209], and ψω is a scaling
factor, may be included. Using a waviness correction factor, the general form of the average
spacing equation can be written as follows:
Γ(D,Vf ,ψω ,ω) = Γ(D,Vf )−Dψωω (5.23)
If the waviness correction is not included in the model, the model predicted average
inter-wire spacing will always overestimate the observed average inter-wire spacings in real
NW arrays, since the effective diameter of the wavy NWs, De, will be larger than the NW
diameter, D (De = D in collimated NW arrays). An illustration of the distinction between
wavy and collimated NWs is provided in Figure 5.15. Therefore, before the average inter-
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wire spacings for wavy NWs can be accurately predicted, a model that precisely quantifies
the waviness of wavy NWs must be developed.
5.2.3.3 Analysis of CNT Quality for A-CMNC Processing
To establish the initial quality of the MWCNTs in our forests, the Raman spectra of a
pristine as-grown CNT forests were collected (see Figure 5.16 for the Raman spectra of an
MWCNT forest taken at two different spots, run 1 and run 2). As shown in Figure 5.16,
there is some variation in the Raman spectra at different locations in the CNT forests,
due to local variations in the CNT density, and whether these variations are statistically
significant is determined by the ratio of the integrated intensities of their G and D peaks
(IG/ID). Calculating the IG/ID ratios results in the following values: IG/ID = 0.5683 '
0.57 for run 1; IG/ID = 0.5872 ' 0.59 for run 2. Because these IG/ID are practically
equivalent (some variations within the sample cannot be prevented), these results indicate
that the differences in the Raman spectra presented in Figure 5.16 are likely statistically
insignificant, demonstrating that the pristine as-grown CNT forests are of high quality.
Before the Raman spectra of a CNT A-CMNC can be fully analyzed, the Raman spectra
of the pure PyC baseline must also be studied (see Figure 5.17 for the Raman spectrum of
a pure PyC baseline). As illustrated by Figure 5.17, the Raman spectrum of pure PyC is
very similar in shape to that of the MWCNTs in the pristine CNT forest, meaning that
distinguishing the MWCNT data from the PyC matrix will likely be very challenging.
Also, calculating the IG/ID ratio for the PyC spectrum presented in Figure 5.17 yields
IG/ID = 0.3868' 0.39, which in theory should enable the differentiation of the MWCNTs
from the pure PyC, but only if there is sufficient signal for the MWCNTs. This means that
the Raman spectrum of low volume fraction (∼ 1 vol. % CNTs) CNT A-CMNCs would
likely be dominated by the PyC matrix.
As shown in Figure 5.18, the Raman spectrum of the 1 vol. % CNT A-CMNCs is nearly
identical to that of PyC (IG/ID= 0.3995' 0.40), meaning that damage quantification using
Raman spectroscopy may be limited to densified CNT A-CMNCs. To understand why the
Raman spectrum for the 1 vol. % CNT A-CMNCs was virtually indistinguishable from
the PyC spectrum, but would likely be distinguishable for a densified CNT A-CMNCs,
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Figure 5.16: Raman spectra of a pure as-grown, 1 vol. % CNTs, MWCNT forest at two
locations (run 1 and run 2). The plot shows that while the Raman spectrum for each run is
slightly different, the ratio of the integrated intensities of their G and D peaks are statisti-
cally equivalent.
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Figure 5.17: Raman spectrum of a pure PyC baseline. The shape of this spectrum is similar
to that of the pure MWCNTs, shown in Figure 5.16.
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their morphology on the 1 µm length scale needs to be considered (see Figure 5.19 for
HRSEM micrographs of the cross sections of 1 vol. % CNT A-CMNCs (a) and 20 vol. %
CNT A-CMNCs (b). As shown in Figure 5.19, very few CNTs are exposed in the 1 vol.
% CNT A-CMNCs (a), whereas a large number of CNTs can be seen in the 20 vol. %
CNT A-CMNCs (b). Considering a laser spot size of about 10 µm, the MWCNT signal
for (b) would be distinguishable from the PyC signal, whereas the PyC signal would likely
dominate the MWCNT signal in (a). Future work should explore the Raman spectroscopy
experimental parameters, such as the laser power, wavelength, and spot size, and determine
whether differentiation of the MWCNT signal from that of the PyC matrix at low (∼ 1 vol.
%) CNT volume fractions is possible. However, since the quality of the MWCNTs in the
1 vol. % CNT A-CMNCs could not be quantified using the current Raman spectroscopy
parameters, a slightly different approach was pursued.
The alternate approach for quantifying the quality of the CNTs post-pyrolysis was to
heat treat a slightly densified (∼ 4 vol. % CNTs for easy handling) free standing CNT forest
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Figure 5.18: Raman spectra of a 1 vol. % CNT A-CMNC, its PyC matrix (from Fig-
ure 5.17), and the pure MWCNT forest (from Figure 5.16). This plot illustrates that differ-
entiating the MWCNT signal from that of the PyC matrix signal would be problematic in
low volume fraction (∼ 1 vol. % CNTs) CNT A-CMNCs.
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Figure 5.19: HRSEM micrographs of the cross section (a) 1 vol. % and (b) 20.0 vol. %
CNT A-CMNCs. These micrographs show that very few MWCNTs are exposed in the 1
vol. % CNT A-CMNC (a), whereas the 20 vol. % CNT A-CMNCs (b) have a significant
number of MWCNTs visible.
twice (to model the first and second pyrolyzation) using the following pyrolysis conditions
(from Chapter 4):
400◦C (30 min)→ 600◦C (30 min)→ 750◦C (30 min)
To examine if there was any damage to the CNT walls, the IG/ID ratios of the forests
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were calculated from their Raman spectra at each stage. See Table 5.6 for the full set of
IG/ID ratios used for this analysis. See Figure 5.20 for representative Raman spectra of the
forest at each stage in the study. As shown in Figure 5.20 and Table 5.6, the difference in the
Raman spectra and IG/ID ratios between the pristine (IG/ID ' 0.4511±0.0038), pyrolyzed
once (IG/ID ' 0.4555±0.0080), and pyrolyzed twice (IG/ID ' 0.4369±0.0132) samples
is barely statistically significant. These results indicate that while pyrolysis may induce a
small amount of damage to the walls of the CNTs, the effect of this damage is so small that
we could not detect it using our Raman microscope. It should be noted that, since this study
was intended to simulate the worst case scenario, when phenolic coverage is minimal, the
damage that would be caused to the walls of the CNTs during the pyrolysis of a well made
CNT A-PNC (exhibiting good phenolic coverage) would likely be statistically insignificant.
Future studies will explore this hypothesis. Also, once the quality of the CNTs in our A-
CMNCs can be accurately quantified using Raman spectroscopy, a model that predicts the
amount of damage to the walls of the MWCNTs as a function of the pyrolysis conditions
needs to be developed. Using this model, the effect of the processing conditions on the
physical properties of the CNT A-CMNCs can be better understood, and the fabrication of
CNT A-CMNCs with enhanced properties could be possible.
Table 5.6: IG/ID ratios for a forest heat treated using the A-CMNC pyrolysis conditions
Label Pristine IG/ID 1st Pyrolysis IG/ID 2nd Pyrolysis IG/ID
Run 1 0.4478 0.4512 0.4382
Run 2 0.4578 0.4654 0.4500
Run 3 0.4527 0.4497 0.4552
Run 4 0.4530 0.4548 0.4282
Run 5 0.4466 0.4505 0.4391
Run 6 0.4507 0.4584 0.4313
Run 7 0.4488 0.4521 0.4161
Run 8 − 0.4550 −
Run 9 − 0.4666 −
Run 10 − 0.4664 −
Run 11 − 0.4393 −
Run 12 − 0.4569 −
Averages 0.4511±0.0038 0.4555±0.0080 0.4369±0.0132
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Figure 5.20: Raman spectra of a forest heat treated using the A-CMNC pyrolysis condi-
tions. The data illustrates that the walls of the CNTs in the forest may get slightly damaged
during pyrolysis.
5.3 Conclusions and Recommendations for Future Work
This Chapter presented the CNT A-CMNC morphology characterization methods, and the
experimental and theoretical background necessary to quantify the CNT outer diameter
(from SSA), average inter-CNT spacing (from CNT outer diameter and volume fraction),
and CNT quality (from IG/ID ratios). The BET experimental results illustrate that the as-
grown CNT forests have a SSA of∼ 780 m2/g (average value), which leads to a CNT outer
diameter of ∼ 8.0 nm. This value is in good agreement with the previously reported CNT
outer diameter for our CNT forests (∼ 8 nm), determined using HRTEM analysis. Also,
the wet CNT SSA results indicate that there may be more than 6 layers of water (∼ 1.8 nm)
adsorbed onto the surface of the CNTs at ambient conditions. Future work should include
a more thorough exploration of the water adsorbed to the surface of the CNTs during ambi-
ent conditions using an absorbance spectroscopy method, such as fourier transform infrared
spectroscopy (FTIR) or ultra violetvisible-near infrared spectroscopy (UV-VIS-NIR). Also,
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the surface roughness of coated CNTs should be studied in detail, and a model allowing the
precise quantification of the surface roughness needs to be developed. This theory should
then be integrated into the SSA model, and used to study the outer diameter of CNTs coated
with a variety of polymer species. The inter-wire spacing results for CNTs and CNFs il-
lustrate that the average NW coordination number changes with the NW volume fraction
(∼ 3.96 for 1 vol. % NWs and ∼ 4.43 for 20 vol. % NWs from Equation 5.22), making a
continuous model of the coordination number necessary, and demonstrating that the com-
mon assumptions of constant and negligible NW coordinations may not be adequate. To
extend the range of validity of the continuous coordination model, average inter-wire spac-
ing data for NW arrays with NW volume fractions below 1.0 volume % and above 20.0
volume % is required. To explore the validity of the model on smaller diameter nanowire
arrays, future studies should extend this model to SWCNTs, but since SWCNTs have the
added complexity of roping, there may be two levels of morphology that must be modeled.
Also, future work should include the use of a volume averaging method, such as small
angle x-ray scattering (SAXS), for the collection of better average inter-wire spacing data,
since: 1) the collection of representative inter-wire spacing data using microscopy requires
the analysis of many micrographs; 2) the employed counting algorithm for determining the
average inter-wire spacing from HRSEM micrographs was prone to counting errors due to
a lack of surface feature depth information, and resolution to distinguish individual CNTs
in bundles. Finally, future studies should include the development of a model that precisely
quantifies the NW waviness, a requirement for accurate prediction of the average inter-wire
spacing of real way aligned NW arrays. The Raman spectroscopy results indicate that the
Raman spectrum of low volume fraction (∼ 1 vol. % CNTs) CNT A-CMNCs is dominated
by the Raman spectrum of the baseline PyC. Future work should explore the modification
of the Raman spectroscopy experimental conditions, such as the laser power, wavelength,
and spot size, to determine whether the CNT signal can be distinguished from the signal
of the PyC matrix at low CNT volume fractions (. 5 vol. % CNTs). Because the varia-
tion in the average values of the IG/ID ratios for pristine (IG/ID ∼ 0.45), pyrolyzed once
(IG/ID ∼ 0.46), and pyrolyzed twice (IG/ID ∼ 0.44) CNT forest samples is barely statisti-
cally significant, the Raman spectroscopy results illustrate that the CNTs in the A-CMNCs
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are likely not damaged during pyrolyzation. Future studies should confirm that the CNTs
quality is unchanged by the pyrolysis of the phenolic matrix. Also, future work should
include the development of a model that predicts the amount of damage to the walls of our
CNTs as a function of the pyrolysis temperature and duration. Using the models presented
in the Chapter, and their proposed extensions and counterparts, the fabrication of CNT A-
CMNCs with precisely tailored morphologies, and therefore physical properties, may be
possible. In the next Chapter, the observed mechanical behavior of the CNT A-PNC pre-
cursors and CNT A-CMNCs is presented, and analyzed using a combination of the results
presented in the current and previous Chapters.
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Chapter 6
Mechanical Behavior Characterization
To evaluate the performance of our CNT A-CMNCs, their mechanical behavior must be
analyzed. While there are many ways to quantify the mechanical properties of advanced
composites, this Chapter focuses on one facile and commonly available characterization
method that can be used to quantify how the presence of CNTs affect the mechanical be-
havior of CNT A-CMNCs. Using the knowledge gained in this Chapter, and the results
presented in the two previous Chapters, the performance of our CNT A-CMNCs can be
analyzed, and the future work necessary for the design and fabrication of CNT A-CMNCs
with the desired physical properties can be recommended.
This Chapter presents the experimentally determined Vickers microhardness for our
samples, and compares the measured hardness to those of a few common metal alloys and
a commercial ceramic composite.
6.1 Vickers Microhardness As Applied to Advanced Ce-
ramics
To better understand the results presented later in this Chapter, some background informa-
tion about the Vickers hardness test is necessary. In this Section, the use of indentation to
study the mechanical behavior of a material is introduced, and the use of the Vickers micro-
hardness test in this thesis, instead of the common used nanoindentation test, is justified.
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Additionally, previous efforts to quantify the mechanical properties of nanoscale architec-
tures using Vickers microhardness are presented, and their applicability to CNT A-CMNCs
is discussed.
Historically, the most widespread method of studying the mechanical behavior of ma-
terials was the uniaxial tensile test. However, tensile tests can be highly destructive, require
specimens of very specialized geometries and shapes (e.g. dog bones), and are very hard
to use when studying nanoscale structures, such as thin films. Indentation techniques are
considered non-destructive, can accept any sample geometry (as long as there are two par-
allel flat surface to indent on), and can be used on very thin films (< 10 µm thick), many
scientists use indentation tests instead of tensile tests when studying nanomaterials and
their architectures. Another added benefit of indentation techniques is that they can be
used as screening tools, as we use indentation in this thesis. Indentation techniques are
usually divided into three groups: macroscale; microscale; nanoscale. Since this work is
focused on nanocomposites, this Section will only cover the micro and nanoscale indenta-
tion techniques, starting with the most commonly used, and misused, indentation technique
for nanostructures: the nanoindentation test. The nanoindentation technique consists of the
indentation of a very small tip (diameter on the order of a few µm), such as an atomic force
microscopy (AFM) tip, of known geometry (such as spherical or Berkovich) a set depth
(usually 1−10 µm) using small loads (as small as micro Newtons). The generated load vs.
displacement curve can then be used to evaluate the elastic modulus of the material using
the theory developed by Oliver and Pharr [210,211]. The major advantage of nanoindentation
is that the indentation areas are very small (less than ∼ 1µm2), meaning that thin films can
be studied. This technique was successfully utilized to study the mechanical behavior of
individual CNTs [12,212–216], CNT forests (also known as turfs) [217–221], CNT polymer com-
posites [31,222–224], and the matrix material that is affected by the CNT interfaces [225,226],
known as the interphase. Also, since nanoindentation is very sensitive to minute changes in
microstructure, fluctuations in the results can be used to evaluate the spatial homogeneity of
the material [227,228]. However, for highly porous materials with very high degrees of spatial
homogeneities and pores on the same scale as the indentation, such as the pores found in the
CNT A-CMNCs presented in this thesis, nanoindentation would likely be dominated by the
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Figure 6.1: Illustration of the geometry of the Vickers microhardness test demonstrating
how the load and indentation area are used to evaluate the hardness.
sample inhomogeneity, yielding inconclusive results. This means that a microscale tech-
nique with a larger indentation area is necessary. The Vickers microhardness test, which
has a larger indentation area (and a wider range of operating loads) than nanoindentation
and can be successfully used to quantify the mechanical properties of a variety of materials
independent of their intrinsic hardness (i.e. metals, ceramics, and polymers), is a very good
fit for the mechanical characterization of CNT A-CMNCs. See Figure 6.1 for an illustra-
tion of the geometry of the Vickers microhardness test. Unlike the nanoindentation test, the
Vickers microhardness test produced representative results when previously used to study
the mechanical behavior of highly spatially heterogenous nanocomposites [229–231]. There-
fore, using the Vickers microhardness test, the mechanical properties of the highly porous
CNT A-CMNCs reported in this thesis can be quantified.
This Section introduced the Vickers microhardness test used to study the mechanical
behavior of CNT A-CMNCs. In the remainder of this Chapter, the experimental work
done to quantify the mechanical properties of the CNT A-CMNCs, and their observed
microhardness values are presented and discussed.
6.2 Experimental
In this Section, the Vickers testing methodology, and the experimentally determined Vick-
ers microhardness values are presented. Subsection 6.2.1 contains details of the Vickers
microhardness tests. Subsection 6.2.2 presents the experimental Vickers microhardness re-
sults. These Vickers results, along with the results presented in Chapter 4 and 5, are used
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to evaluate mechanical properties of the produced 1 vol. % CNT A-CMNCs, to discuss the
origin of the observed trends, and to recommend future paths of study that will enable the
synthesis of CNT A-CMNCs with further enhanced mechanical properties.
6.2.1 Vickers Microhardness Testing
Vickers microhardess values for baseline (pure phenolic and PyC), and composite (CNT A-
PNCs and A-CMNCs) samples were obtained by first indenting the surface of the materials
parallel to the CNT alignment direction, and then using a LECO LM 248AT Microhard-
ness tester with a PAXcam camera at 10× to 50× magnification to examine the indenta-
tion surface. Once focused on the surface of the samples, the Vickers microhardness was
determined using 490 mN load for polymer samples (pure phenolic baselines and CNT
A-PNCs), and 2940 mN load for carbon samples (PyC baselines and CNT A-CMNCs).
All measurements were made using ASTM standard C1327-08 [232] with a dwell time of
10 seconds, where the final microhardness value reported per samples was the average of
10 indentations. Microhardness values per indentation were approximated using the LECO
ConfiDent hardness testing program (version 2.5.2). See Figure 6.2 for representative Vick-
ers indentation surfaces of CNT A-PNCs (Figure 6.2a) and A-CMNCs (Figure 6.2b).
necstlab 490mN X10 20µm necstlab 2940mN X50 20µm
Figure 6.2: Indentation surfaces for both a 1 vol. % CNT A-PNC (a) and A-CMNC (b).
The size of the indentations was used to calculate the Vickers microhardness of value of
each sample.
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6.2.2 Results and Discussion
In this part of the Chapter, the experimental Vickers microhardness results are presented,
and used to evaluate the mechanical properties of the PyC baselines and the CNT A-
CMNCs. This Subsection is split into two main parts: microhardness results for samples
made using one phenolic infusion and pyrolyzation; microhardness results for samples
made using two phenolic infusions and pyrolyzations. These results are used to recom-
mend the future work discussed in Section 6.3.
6.2.2.1 Single Phenolic Infusion Results
To quantify the effect of pyrolysis on the mechanical properties of the composites, the mi-
crohardness data collected using Vickers microhardness testing was analyzed. A plot of
the Vickers microhardness data can be found in Figure 6.3a (polymer samples) and Fig-
ure 6.3b (PyC samples). As presented in Figure 6.3a, the pure phenolic resin baselines (no
CNTs present) have a Vickers microhardness value of 9.00±1.03 kg/mm2, while the CNT
A-PNCs have a lower Vickers microhardness value of 4.41±1.97 kg/mm2. While a reduc-
tion in microhardness following the addition of CNTs may appear counter-intuitive, it is
likely a result of the following two factors: poor adhesion of the phenolic resin to the CNTs
partially due to the water present on the CNT surface at ambient conditions (as discussed in
Chapter 5); the inter-CNT spacing, which is around 78 nm in this case [34], thereby hinder-
ing some of the crosslinking of the polymer matrix during curing (as discussed in Chapter
4). Therefore, the hardness of the CNT A-PNCs is most likely reduced by these poor
CNT-phenolic interfacial properties, and a lower crosslink density in the phenolic matrix.
Such a reduction was previously observed when the effect of CNT thermal boundary re-
sistance on the thermal conductivity of CNT A-PNCs was studied [233], demonstrating that
the addition of nanoparticles with exceptional intrinsic properties does not guarantee the
enhancement of the material properties of the macroscopic architecture. Another impor-
tant consideration is that, as shown in Figure 4.8a (Chapter 4), the phenolic infusion may
lead to some distortion of the CNT alignment, and could cause resin rich regions on the
scale of the indentor to form. Coupled with the fact that the Vickers microhardness test is
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designed for isotropic materials, which is not true of the CNT composites, these resin rich
regions may lead to microhardness results that are not fully representative of the mechani-
cal behavior of the CNT composites. As presented in Figure 6.3b, the pure PyC baselines
(no CNTs present) have a Vickers microhardness value of 294.7±94.0 kg/mm2, while the
CNT A-CMNCs have an enhanced Vickers microhardness value of 483.2±87.5 kg/mm2.
Table 6.1, which contains the apparent density of the CNT A-CMNCs and the PyC ma-
trix in SI units (from Chapter 4), illustrates that the CNT A-CMNCs have a slightly lower
apparent density (888± 115 kg/m3) than the pure PyC baselines (930± 56 kg/m3). This
means that the CNT A-CMNCs have a much higher specific hardness (' 5.34 MPa ·m3/kg
for the A-CMNCs vs. ' 3.11 MPa ·m3/kg for the PyC matrix), defined as the ratio of the
average microhardness, in MPa, and the apparent density, in kg/m3 (see Table 6.1).
To put the properties of the CNT A-CMNCs into perspective, the following four metal
alloys are used as a comparison [234]: a low carbon CrNi-steel (X5 CrNi 189), a Ti alloy
(TiAl6V4), an Al alloy (AlMgSi1), and a brass (CuZn40Pb2). Also, to compare to an
engineering ceramic material, the properties of a commercially available carbon fiber re-
inforced carbon (C/C) material are included. The metal alloys and C/C material have the
following reported microhardness [234] and density values: 296 kg/mm2 and 7900 kg/m3
for the low carbon steel; 305 kg/mm2 and 4420 kg/m3 for the Ti alloy; 135 kg/mm2 and
2700 kg/m3 for the Al alloy; 160 kg/mm2 and 8430 kg/m3 for the brass; 160 kg/mm2
and 1980 kg/m3 for the C/C. As shown in Table 6.1 and Figure 6.4, the specific hard-
ness of the CNT A-CMNC (' 5.34 MPa ·m3/kg) far exceeds all the values calculated
Table 6.1: Hardness and specific hardness in SI units for the A-CMNCs, PyC matrix, and
the four engineering metal alloys
Material Hardness (MPa) Specific Hardness (MPa ·m3/kg)
CNT A-CMNC 4740±845 5.34
PyC matrix 2890±922 3.11
C/C 1570 0.79
Ti alloy 2990 0.68
Al alloy 1320 0.49
Low carbon steel 2900 0.37
Brass 1570 0.19
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Figure 6.3: Plot of the experimentally determined Vickers microhardness values for A-
PNCs (a) and A-CMNCs (b) at CNT loadings ranging from 0 (baselines) to 1 vol. % show-
ing that pyrolysis leads to more than an order of magnitude increase in the microhardness
values of the nanocomposites, and that the presence of CNTs enhances the microhardness
of the pyrolyzed composite.
for the four different metal alloys and the C/C material: ' 0.37 MPa ·m3/kg for the low
carbon steel; ' 0.68 MPa ·m3/kg for the Ti alloy; ' 0.49 MPa ·m3/kg for the Al alloy;
' 0.19 MPa ·m3/kg for the brass; ' 0.79 MPa ·m3/kg for the C/C. Therefore, the CNT A-
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Figure 6.4: Plot of the hardness as a function of density for 1 vol. % CNT A-CMNCs,
PyC baselines, the four metal alloys (indicated on the plot), and a C/C material. The plot
illustrates that the 1 vol. % CNT A-CMNCs have a specific hardness that is far higher than
any of the other comparison materials.
CMNCs reported here outperform a variety of common engineering materials, while hav-
ing a much lower density. Future work should explore whether an increase in CNT volume
fraction leads to CNT A-CMNCs with further enhanced mechanical properties. Another
way to achieve further mechanical property enhancement is by reducing the porosity of the
CNT A-CMNCs, therefore the effect of phenolic re-infusion and re-pyrolyzation on the
mechanical properties of the CNT A-CMNCs is explored next.
6.2.2.2 Phenolic Re-infusion Results
As illustrated by Figure 6.5, the re-infused and re-pyrolyzed (double phenolic infusion) 1
vol. % CNT A-CMNCs have a Vickers microhardness value of 584.2± 122.3 kg/mm2,
which is ∼ 20% higher than the Vickers microhardness value for the 1 vol. % CNT A-
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Figure 6.5: Plot of the experimentally determined Vickers microhardness values for 1 vol.
% CNT A-CMNCs as a function of the number of phenolic infusions. The plot shows that
re-infusion and re-pyrolyzation leads to a∼ 20% enhancement in the vickers microhardness
of the 1 vol. % CNT A-CMNCs.
CMNCs after a single phenolic infusion (483.2±87.5 kg/mm2 from Figure 6.3). This ob-
served enhancement is attributed to a reduction in porosity of the PyC matrix from ∼ 61%
(single phenolic infusion) to ∼ 55% (double phenolic infusion), as presented in Chapter
4 (see Tables 4.2 and 4.3 for more details). The best comparison between the single and
double phenolic infusion results is to calculate the specific hardness of the resulting CNT
A-CMNCs (see Figure 6.6 for the plot from Figure 6.4 that includes the specific hard-
ness of re-infused 1 vol. % CNT A-CMNCs). Using the apparent density value for the
1 vol. % CNT A-CMNCs made using two phenolic infusions (1015± 110 kg/m3 from
Table 4.3) leads to a specific hardness value of ' 5.64 MPa ·m3/kg. This means that the
re-infused 1 vol. % CNT A-CMNCs see a ∼ 6% increase in their specific hardness when
compared to the CNT A-CMNCs made with only one phenolic infusion. Future studies
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Figure 6.6: Plot of the hardness as a function of density for re-infused 1 vol. % CNT
A-CMNCs that includes all the comparison materials previously discussed in this Section
(from Figure 6.4). The plot illustrates that phenolic re-infusion and re-pyrolyzation leads to
the formation of 1 vol. % CNT A-CMNCs with an enhanced specific hardness that exceeds
all the other comparison materials.
should explore the effect of lower CNT A-CMNC porosity, achieved through additional
wet phenolic re-infusions or a gas phase carbon deposition, on their observed mechanical
properties. Also, future work should include the development of a model that quantifies
the effect CNT volume fraction and A-CMNC matrix porosity on the mechanical behavior
of the CNT A-CMNCs. Using this model, the parameters which have the strongest effect
on the mechanical properties of the CNT A-CMNCs can be identified, enabling the fabri-
cation methods to be optimized so that CNT A-CMNCs with the best possible mechanical
properties are synthesized.
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6.3 Conclusions and Recommendations for Future Work
This Chapter presented the characterization method used to quantify the effect of the A-
CMNC processing parameters, and the resulting morphology, on the mechanical behavior
of 1 vol. % CNT A-CMNCs. The Vickers microhardness experimental results illustrate that
the pyrolysis of the phenolic precursor leads to an enhancement in hardness, as expected.
Also, the single phenolic infusion results show that the presence of CNTs causes the mi-
crohardness of the 1 vol. % CNT A-CMNCs to exceed that of the pure PyC baselines by
∼ 60% (average values). Calculating the specific hardness of the 1 vol. % CNT A-CMNCs
(∼ 5.3 MPa ·m3/kg) demonstrates that the 1 vol. % CNT A-CMNCs far outperform the
PyC matrix (∼ 3.1 MPa ·m3/kg), four common metal alloys (∼ 0.19−0.68 MPa ·m3/kg),
and a commercial C/C material (∼ 0.79 MPa ·m3/kg) when the material density is of equal
importance. Double phenolic infusion (re-infusion and re-pyrolyzation) results demon-
strate that the reduction in CNT A-CMNC porosity (from ∼ 61% to ∼ 55%) leads to a
microhardness enhancement of ∼ 20% (average values). Also, calculating the specific
hardness of the re-infused and re-pyrolyzed 1 vol. % CNT A-CMNCs leads to a value of
∼ 5.6 MPa ·m3/kg, meaning that multiple phenolic infusions and pyrolyzations can lead to
a specific hardness enhancement of & 6%. Future studies should explore CNT A-CMNCs
with higher CNT volume fractions, and develop a model that quantifies the effect of CNT
volume fraction on the mechanical properties of the CNT A-CMNCs. Also, since there
was a significant (> 50%) amount of porosity present in the CNT A-CMNCs, but its effect
on the mechanical properties is not fully understood, future work should include the devel-
opment of a model that precisely quantifies the impact of CNT A-CMNC porosity on their
mechanical behavior. Using these models, the design and fabrication of CNT A-CMNCs
with unrivaled properties may be possible, potentially enabling a large degree of weight
savings in next-generation material architectures, while retaining extreme environment op-
erating capabilities. In the next Chapter, the contributions of this thesis are summarized,
the results presented in Chapters 4, 5, and 6 are used to recommend future paths of study,
and the conclusions that can be drawn from this work are discussed.
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Chapter 7
Conclusions and Recommendations
The work presented in this thesis was conducted to determine the processing conditions
necessary for the synthesis of aligned nanowire (NW) ceramic matrix nanocomposites (A-
CMNCs) comprised of aligned CNTs. The morphology and mechanical behavior of these
CNT A-CMNCs were characterized using both experiments and theoretical models. The
CNT A-CMNC processing parameters were evaluated using an apparent density measure-
ment, re-infusion modeling, and CNT quality analysis, which elucidated the limitations of
the wet infusion approach used to fabricate CNT A-CMNCs in the current work. Theoreti-
cal tools developed to help quantify and analyze the morphology of the CNTs, and NWs in
general, in the A-CMNCs show that morphological parameters that are usually overlooked
may have significant effects on physical properties of NW architectures. The limitations of
the theoretical models developed in this work were identified and discussed. Mechanical
characterization of the CNT A-CMNCs illustrated that the presence of CNTs can lead to
enhanced mechanical properties. Factors that strongly influence the mechanical behavior
were identified, and since their effects cannot be modeled using existing theory, paths for
their quantification were outlined. In the remainder of this Chapter, a summary of the thesis
contributions, and the recommended paths of future studies are presented.
7.1 Summary of Thesis Contributions
The major contributions and findings of this work are as follows:
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CNT A-CMNCs were synthesized
Aligned CNT ceramic matrix nanocomposites (CNT A-CMNCs) were fabricated via
the pyrolysis of aligned CNT polymer matrix precursors. Low resolution scanning elec-
tron microscopy (SEM) micrographs show that polymer rich regions exist in the phenolic
precursors, and that, after pyrolysis, a significant number of (∼ 10 µm size) pores exist
in the matrix of the CNT A-CMNCs. High resolution SEM micrographs indicate that the
alignment of the CNTs in the A-CMNCs is locally unaffected (∼ 1 µm lengthscale) by the
pyrolysis of the phenolic matrix. Experimental apparent density results show that the pres-
ence of the CNTs causes the density of the matrix to decrease by: ∼ 6% (matrix porosity
is increased by ∼ 3%) for A-CMNCs made using 1 volume (vol.) % CNT forests; ∼ 47%
(matrix porosity is increased by∼ 20%) for A-CMNCs made using 5 volume (vol.) % CNT
forests; ∼ 56% (matrix porosity is increased by ∼ 23%) for A-CMNCs made using 10 vol-
ume (vol.) % CNT forests; ∼ 87% (matrix porosity is increased by ∼ 36%) for A-CMNCs
made using 20 volume (vol.) % CNT forests. These reductions are attributed to the diffi-
culty of completely infusing the CNT forest with the phenolic resin. Also, since none of the
pyrolyzed samples achieve the predicted PyC density for a neat phenolic resin undergoing
pyrolysis at 750◦C, the presence of both vacancies in the graphitic crystallites of the PyC,
and crystallite stacking faults, must exist in the matrix of the synthesized A-CMNCs.
Phenolic re-infusion reduces CNT A-CMNCs porosity
Results of CNT A-CMNCs made using multiple phenolic infusions and pyrolyzations
indicate that the pores of the PyC in the CNT A-CMNCs can be filled with a diluted pheno-
lic resin, leading to the following enhancements: ∼ 15% enhancement in matrix apparent
density (matrix porosity is reduced by ∼ 6%) for the 1 vol. % CNT A-CMNCs; ∼ 44%
enhancement in matrix apparent density (matrix porosity is reduced by ∼ 10%) for the 5
vol. % CNT A-CMNCs; ∼ 64% enhancement in matrix apparent density (matrix porosity
is reduced by ∼ 12%) for the 10 vol. % CNT A-CMNCs; ∼ 240% enhancement in matrix
apparent density (matrix porosity is reduced by∼ 11%) for the 20 vol. % CNT A-CMNCs.
After 10 phenolic infusions, the re-infusion model predicts the following apparent den-
sity enhancements: ∼ 27% enhancement in matrix apparent density (porosity is reduced
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by ∼ 11%) for the 1 vol. % CNT A-CMNCs; ∼ 59% enhancement in matrix apparent
density (matrix porosity is reduced by ∼ 13%) for the 5 vol. % CNT A-CMNCs; ∼ 88%
enhancement in matrix apparent density (matrix porosity is reduced by ∼ 16%) for the 10
vol. % CNT A-CMNCs; ∼ 310% enhancement in matrix apparent density (matrix porosity
is reduced by ∼ 15%) for the 20 vol. % CNT A-CMNCs. These results indicate that CNT
A-CMNCs synthesized from the pyrolysis of wet infused phenolic precursors will likely
never attain a porosity that is < 20%.
The outer diameter of hollow NWs can be determined non-destructively
A model that allows the outer diameter of hollow NWs to be evaluated using the nonde-
structive specific surface area (SSA), without using destructive high resolution transmission
electron microscopy (HRTEM), was developed. The experimental SSA results, attained us-
ing BET surface area analysis, illustrate that the CNT forests have a SSA of ∼ 780 m2/g
(average value), which leads to a CNT outer diameter of ∼ 8.0 nm. This value is in good
agreement with the previously reported CNT outer diameter for our CNT forests (∼ 8 nm),
determined using HRTEM analysis.
Prediction of the wet outer diameter of hollow NWs is possible
The SSA model was successfully extended to predict the outer diameter of wet hollow
NWs. The experimental results indicate that there may be more than 3 layers of water
(∼ 1 nm) adsorbed onto the CNT surface at ambient conditions. The presence of such a
significant thickness of water on the surface of CNTs at ambient conditions could lead to
the less than ideal adhesion of polymers to the CNT surface, especially for hydrophobic
polymers.
The coordination number can quantify the NW packing morphology
A model that determines the average NW coordination number from the average NW
inter-wire spacing, diameter and volume fraction is derived, and applied to ∼ 8 nm diame-
ter VACNTs and ∼ 182 nm diameter VACNFs. By showing that the coordination number
of NW arrays changes with the NW volume fraction, the model demonstrates that a con-
tinuous model of the coordination number is necessary for VACNTs, and that the common
assumptions of constant and negligible NW coordinations may not be adequate. This model
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can be used to predict the average inter-CNT spacing as a function of CNT volume fraction,
a morphology measure that is important for modeling the physical properties of the CNT
A-CMNCs.
CNTs are likely not damaged by pyrolysis
Studies of the bonding structure of CNT A-CMNC via Raman spectroscopy shows
that the Raman spectrum of low volume fraction (∼ 1 vol. % CNTs) CNT A-CMNCs is
dominated by the signal originating from the PyC matrix. A study of a pure CNT forest
subjected to the same pyrolyzation conditions used to make the CNT A-CMNCs shows
that the change in bonding character caused by pyrolysis is barely statistically significant,
meaning that the CNTs in the A-CMNCs are likely not damaged during pyrolyzation.
CNT A-CMNCs have enhanced specific mechanical properties
A study of the mechanical behavior of CNT A-CMNCs along the CNT primary axis, via
Vickers microhardness, shows that the 1 vol. % CNT A-CMNCs exhibit a microhardness
value that exceeds the pure PyC baselines by ∼ 60% after the first phenolic infusion. Also,
calculation of the specific hardness of the 1 vol. % CNT A-CMNCs after a single phenolic
infusion shows that they far outperform the PyC matrix, four common metal alloys, and a
C/C material for applications where the material density is of equal importance. Results for
CNT A-CMNCs, tested along the CNT primary axis, after the second phenolic infusion,
known as re-infused CNT A-CMNCs, demonstrate that the ∼ 6% reduction in porosity
leads to a microhardness enhancement of ∼ 20%. Also, calculation the specific hardness
of the re-infused 1 vol. % CNT A-CMNCs illustrates that multiple phenolic infusions and
pyrolyzations can lead to a specific hardness enhancement of & 6%. This study confirms
that the presence of CNTs can lead to enhanced physical properties.
7.2 Recommendations for Future Work
The work presented in this thesis raises a number of unanswered questions. In an effort to
address these questions, the following future work should be explored:
CNT A-CMNC synthesis and processing
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. Exploration of gas phase infusion methods, such as CVI, or layer-by-layer assembly
methods, assisted by critical point drying (CPD), for the synthesis of low porosity
CNT A-CMNCs.
. Extension of the re-infusion model to enable the precise prediction of CNT A-CMNC
porosity when a combination of different polymer infusion methods are employed.
. A study of higher pyrolyzation temperatures to establish the optimal compromise be-
tween the graphitic character of the PyC matrix and quality of the underlying CNTs.
PyC matrix modeling and evaluation
. Thorough study of the structure of the PyC matrix, via wide angle x-ray scattering
(WAXS) and Raman spectroscopy, to quantify the impact of crystallite stacking faults
and vacancies.
. Development of a model that quantifies the effect of crystallite size on the mechanical
properties of the PyC matrix.
NW morphology quantification
. Thorough exploration of the water adsorbed to the surface of the NWs during ambient
conditions via absorbance spectroscopy methods, such as fourier transform infrared
spectroscopy (FTIR) or ultra violetvisible-near infrared spectroscopy (UV-VIS-NIR).
. Study and model the surface roughness of both pristine NWs, and NWs coated with
a polymer.
. Study of the average inter-wire spacing data for NW arrays with NW volume frac-
tions below 1.0 volume % and above 20.0 volume %, and very small diameter NWs,
such as SWCNTs.
. Exploration of the use of a volume averaging method, such as small angle x-ray
scattering (SAXS), for the collection of better average inter-wire spacing data.
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. Study and modeling of the waviness of NW arrays as a function of the NW volume
fraction and growth conditions.
CNT quality evaluation
. Study of the Raman spectroscopy experimental conditions, such as the laser power,
wavelength, and spot size, to determine whether the CNT signal in the A-CMNCs
can be separated from the signal of the PyC matrix at low CNT volume fractions
(. 5 vol. % CNTs).
. Development of a model that predicts the amount of damage to the walls of VACNTs
as a function of the pyrolysis temperature and duration.
CNT A-CMNC physical property modeling and prediction
. Exploration and modeling of the effect of CNT volume fraction on the thermal, elec-
trical, and mechanical properties of CNT A-CMNCs.
. Study and modeling of the impact of CNT A-CMNC porosity on their physical prop-
erties.
. Investigation and modeling of the impact of inter-CNT spacing and alignment on the
interaction of CNTs with the wetting species, and their effect on the properties of the
bulk material.
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